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SUMMARY

Embryogenesis in Gymnosperms and Angiosperms while broadly similar differs
in important respects. Despite these differences, the genes expressed in developing pine
embryos show strong sequence similarity to those found in angiosperm genomes. The
distinguishing features of conifer embryogenesis may be a consequence of the level,
timing or localization of expression of certain regulatory genes perhaps supplemented by
the activity of a few unique or highly differentiated proteins.

Homeobox genes encode homeodomain (HD) proteins which function as
transcription factors and play an important role in plant and animal development by
controlling cell specification and pattern formation. The KNOX (knotted-like homeobox)
family of regulatory genes belongs to a homeobox gene family which exerts considerable
influence upon plant development. Alteration in the expression of KNOX genes, through
mutation or by increasing or decreasing mRNA levels in transgenic plants, produces
profound changes in morphology and growth. The ability of these proteins to affect a
broad range of cellular activities is explained in great measure by the presence within the
KNOX proteins of distinct domains that can interact with a variety of other regulatory
proteins. The HD region of KNOX proteins is a sequence-specific DNA-binding domain
that can directly regulate expression of target genes. The KNOX1 and KNOX2 regions
constitute the MEIKNOX domain which has been shown to homodimerize with KNOX
family proteins or heterodimerize with members of the BELL family of TALE

homeodoamin proteins.

Xvi



I have cloned (Knottedl in Arabidopsis thaliana) KNAT1-like mRNAs which
lack HD sequences from embryos of loblolly pine (Pinus taeda L.), hereafter referred as
PtKN1(hd-). Production of PtKN1(hd-) mRNAs is developmentally regulated and their
encoded protein is abundant in mature pine embryos. The PtKN1 gene has 5 exons;
KNOX1 and KNOX?2 domains are encoded by the first three exons, and the large exon 3
separates these from exons 4 and 5 which encode HD sequences. The PtKN1(hd-) mRNA
has a unique 3’UTR which derives from the proximal region of ‘exon 3’. Both forms of
PtKNT1 are produced by the same gene; the regulatory dynamic is between cleavage-
polyadenylation within intron 3 to produce PtKN1 mRNA lacking HD sequences and
splicing of exon 3 to exon 4 which excludes the 3’UTR/exon3 sequence to create an
mRNA which encodes a HD. I have identified and characterized a KNAT1 mRNA in
Arabidopsis which lacks HD sequences. While KNAT1 has been studied for many years,
this is the first report of a KNAT1 mRNA lacking HD. The expression pattern of
AtKNAT1(hd-) mRNA differs from that of the KNATM-B mRNA, which encodes a
KNOX gene lacking HD sequences, implying a distinct role for these two genes. While
KNATM appears unique to dicotyledons, I identified a KNAT1 mRNA lacking HD
sequences for the RS1 gene of maize, a monocotyledon. This is the first report of splicing
of KNATTI genes to produce mRNAs lacking HD sequences. The phenomenon appears to
be ubiquitous as it is observed in gymnosperms, and both dicotyledonous and

monocotyledonous angiosperms.
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CHAPTER 1

INTRODUCTION

1.1 Loblolly pine - the second most important agricultural crop in US
Loblolly pine is one of the major timber species in the US with 1.5 billion
seedlings planted each year. It provides 1.7 million jobs with the annual payroll of $51

billion. Pine is the 2™ most important agricultural crop in US after corn and grows over a

wide range from New Jersey to Texas (Figurel.1l) [1, 2].

.

| o e LR
e b I b N T
o L, -._.- B T
T - _-|_:-]Ix,....a.:-__;_ B i \
Lid o
(it ¥
4

Figure 1.1: Loblolly pine grows over wide geographic range [3].
Loblolly pine grows over a wide range from southern New Jersey to central Florida and
eastern Texas (shown as shaded region in the map above).



Pine wood is very useful for pulp, paper, furniture, plywood, poles, boxes, pallets etc. In
addition pine provides water quality improvement, land reclamation and rehabilitation,
agroforestry, aesthetics, recreational opportunities, place for wildlife as well as food for
the cattle [1, 4]. Recently the use of pine as a source of biomass for biomaterial and
bioenergy is also being investigated [5]. The increasing demand of forest products and
decreasing availability of land-base for producing trees will cause difficulties for the
forest product industries. Therefore need arises to propagate large number of pine trees
and clonal propagation techniques are expected to play a significant role in providing
genetically superior pine trees [6, 7]. Clonal plantation can be established by
organogenesis and embryogenesis. In 1960s, the first plantlets from forest tree tissue
culture were produced by organogenesis using adventitious shoots. Organogenesis
includes outgrowth and division of seedling shoot, using callus and cell cultures to
regenerate adventitious shoots and complete plants, using cultured cotyledons and entire
embryos to induce adventitious buds and using cultured shoot tips to induce adventitious
and axillay buds. Stem cuttings, leaf cuttings, root cuttings, root suckers, root-stem
cuttings, grafting and air-layering are some other methods of clonal propagation [8]. The
most common method used is somatic embryogenesis in which embryo formation in
seeds can be mimicked in lab and was first developed for carrot propagation [9]. Somatic

embryogenesis for Loblolly pine was first reported 20 years ago [10].
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Figure 1.2: Somatic embryogenesis [11].

In this process, pine seeds are extracted from pine cone and cracked to reveal the ovule
containing embryo. The embryos are then placed on initiation medium where they begin
to multiply. Embryos in early stages are transferred to liquid multiplication medium and
later to solid maturation medium. Once they germinate the resulting plantlets are
transferred into soil.



In this process as shown in Figure 1.2 pine seeds are extracted from pine cone and
cracked to reveal the ovule containing an embryo which is then placed onto an initiation
medium. Later, the embryo is transferred to multiplication and maturation medium and
after germination the resulting plantlets are transferred into soil. The process is rapid and
has potential to provide thousands of high quality embryos which are genetically
identical. The process has potential to provide genetically improved trees. However for
reasons unknown there are some drawbacks in this technique which limits the
commercial production of pine trees. Pine zygotic embryo development has been staged
from 1 to 9.12 as shown in Figure 1.3. Stages 9.1 to 9.12 are morphologically similar but
biochemically different. The zygotic and somatic embryo developmental stages for
loblolly pine are comparable and as shown in Figure 1.3 (Pullman and Webb 1994). The
success of somatic embryogenesis is very dependent on genotype [12]. The somatic
embryos do not mature fully, even the best performing genotypes only reach stage 9.1
and the quality of embryos can be poor. Other limiting factors are low initiation rate, low
culture survival, low maturation rate, low germination, low or no embryo production, [11,
13-16]. Study of the molecular biology of embryogenesis will provide fundamental
knowledge which will assist the improvement of tree propagation strategies. Molecular
biology studies of the zygotic embryogenesis will be used as model to understand the

somatic embryogenesis [17, 18].
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Figure 1.3: Comparison of zygotic and somatic embryo development stages in
loblolly pine [11].

The zygotic embryos develop from stage 1 to 9.12. Stage 9.1 onwards the embryos are
morphologically similar. Somatic embryos develop similarly but stop at stage 9.1.



1.2 Pine — Arabidopsis Embryos develop similarly but have several distinct features

Embryogenesis, the process of growth and differentiation is an important period
of plant development because during this phase the meristem and shoot-root body pattern
of a plant are specified. Traditionally plant embryogenesis is perceived as being
composed of two phases: a morphogenic phase and a maturation phase. The overall body
plan is established during the early morphogenic phase i.e. division of 3 primary tissues:
the outer protoderm, the inner ground tissue and the central procambium (which forms
the epidermis, the cortex and the endoderm, and the vascular tissue, respectively) [19].
Metabolic changes such as storage protein accumulation and acquisition of desiccation
tolerance take place during the maturation phase [20]. After maturation the embryo
undergoes desiccation and dormancy for a period of time until conditions are favorable
[21]. Based on the differences in process of embryogenesis the plant kingdom is divided
into angiosperms and gymnosperms.

Embryo developments in angiosperms and gymnosperms have several unique
features. Angiosperms undergo double fertilization and produce a diploid embryo by
fertilization of one sperm with the haploid egg cell and a triploid endosperm (nutritive
tissue surrounding the embryo) by fertilization of the second sperm with the two polar
nuclei. Angiosperm seeds are enclosed in ovary of the mother plant [22-24].
Gymnosperms undergo single fertilization to produce a diploid embryo and haploid
female gametophyte (endosperm equivalent nutritive tissue surrounding the embryo).
Gymnosperms have naked seeds that develop outside the ovary [25]. The first
asymmetric division of angiosperm produces smaller apical cell and larger basal cell

which gives rise to embryo proper and the suspensor tissue plus some root tissue



respectively [26]. Gymnosperms undergo several nuclear divisions without cytokinesis to
enter a free nuclear phase after fertilization, followed by cellularization to form eight-
celled proembryo arranged in two tiers which undergoes division to form four tiers. The
four cells towards the microplyar end give rise to embryo proper and the next layer of
cells produce the suspensor. The period of embryogenesis from fertilization to suspensor
elongation is called proembryony and from the suspensor elongation to root meristem
establishment is the early embryogeny [25, 27, 28]. Formation of multiple embryos is
common for gymnosperms but uncommon in most angiosperms. Eventually only one
embryo is produced per seed and the others die by programmed cell death [29].
Polyembryony occurs by fertilization of the egg cells within one or more archegonia by
different pollen grains to produce zygotes that have different genotypes within the same
seed or by multiplication of immature embryos. The former is known as simple
embryony and the latter is cleavage polyembryony [27]. Angiosperm and gymnosperm
embryos also have morphological differences. Arabidopsis has a conspicuous embryo
with heart, torpedo and bent cotyledonary stage while pine embryos are
multicotyledonary and have 6 to 8 cotyledons which enclose the SAM [19, 25]. Mature
embryo is a multicotyledonary embryo with cortex, epidermis, root cap, shoot and root
meristem and hypocotyl. Cellular differentiation in embryonic mass and development of
embryo in preparation for seed dormancy occurs during the late embryogeny [25].

Comparison of angiosperm and gymnosperm embryogenesis is shown in Figure 1.4.
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Figure 1.4: Embryogenesis - gymnosperm vs. angiosperm [30].

The embryogenesis process in gymnosperms and angiosperms are similar but have
several distinct features. While gymnosperms undergo single fertilization to produce
diploid embryo and haploid female megagametophyte (FMg), the angiosperms undergo
double fertilization to produce a diploid embryo and triploid endosperm. In gymnosperms
FMg develop before fertilization whereas in angiosperms endosperm development after
fertilization; initially polyembryony (1-4) vs. single embryo; Morphological differences
can be observed in the embryos in the later stages. 6-8 cotyledonary primordia grow to
form cotyledons and enclose the SAM in gymnosperm vs. conspicuous embryo with
heart, torpedo and bent cotyledonary stage (dicot) are seen in angiosperms.



Despite the differences in pine and Arabidopsis embryogenesis, the genes
expressed in developing pine embryos show strong sequence similarity to those found in
angiosperm genomes [31]. These differences between pine and Arabidopsis
embryogenesis can be explained by differences in the level, timing or localization of
expression of certain regulatory genes or though the agency of a few unique or highly
differentiated proteins. The homeobox genes are a family of regulatory genes which are
found in animals, plants and fungi and exert considerable influence upon their

development [32-39].

1.3. Plants continue to grow throughout life - Meristems

The body plan of most animals i.e. formation of organs like head, hands, legs, or
wings can be recognized during embryogenesis. Growth, differentiation and maturation
leads to further development of the adult organism [40]. Higher plants continually
develop throughout their life and repeatedly produce new structures. These structures are
formed by indeterminate and self-renewing groups of cells called meristem. Vertical
growth proceeds from apical meristems that are located at shoot and root apices and are
called shoot apical meristem (SAM) and root apical meristems (RAM) respectively [41-
44] , see Figure 1.5. A different type of meristem is cambial meristem which forms a
cylinder around the stem and controls production of xylem and phloem cells [45]. Shoot
apical meristem produces the above ground parts of plants like stem, leaves and flowers.
In order to understand organogenesis events that determine the overall development of
plant, careful examination of the events occurring in the meristem is required. Complex
gene expression patterns regulate the formation of SAM and maintain the population of

indeterminate cells. Failure to form and maintain SAM results in abnormal organization



of shoot structure [46]. Therefore it is important to study the genes that regulate the SAM
formation and maintenance. Maize gene knl which belongs to the KNOX family of
homeobox gene family has been well characterized and has been shown as a useful
molecular marker for maize SAM [47-49]. Mutation or overexpression of KNOX genes

in transgenic plants causes great difference in size, shape and development [50, 51].

SAM Cotyledons

Endosperm

—tel = om o oo T

Figure 1.5: Plant growth proceeds through regions of active growth — Meristem [52].
Meristems are the region of active growth in plants. Vertical growth proceeds from SAM
and RAM the positions of which are shown in an angiosperm embryo here. Cambial
meristem forms the xylem and phloem.
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1.4 KNOX genes of homeobox family are important for growth and development

Various mutational studies have shown that plant KNOX genes play an important
role in regulating meristem function. Their loss or gain of function mutation can affect
overall plant height, leaf shape, meristem development and floral development as shown
in Figure 1.6. Loss-of-function mutants of maize knl lead to formation of fewer lateral
meristem but more lateral organs like leaves and carpel [53]. Their gain-of-function
mutants lead to formation of ectopic meristems, inhibition of leaf differentiation and
knot-like meristematic structure formation in leaf veins [48, 54]. Strong loss-of-function
mutants of STM show deficiencies in SAM development and result in severely fused
cotyledonary petioles [55, 56]. Less severe mutations result in a disorganized SAM from
which ectopic lateral organ (leaves during vegetative growth, flowers during reproductive
growth) formation takes place [57, 58]. Gain-of-function mutation of STM, KNATI,
KNAT?2 or KNAT6 results in small malformed leaves with extensive lobing around the
leaf margin due to inhibition of proper leaf cell expansion and differentiation [44, 59-63].
Loss-of function mutation of KNATI result in reduced internode length and bends in
stem tissue and are overall significantly shorter than wild-type plants [64, 65].
Overexpression of several KNOX genes from Arabidopsis, maize, rice and tobacco

induce ectopic SAM formation on adaxial leaf surfaces [44, 66-68].
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Flower
formation

Overall
development

Meristem
Development
and
Maintenance

Figure 1.6: Mutation in KNOX genes affects many aspects of plant development [50,
69].

1a - Wild-type Arabidopsis plant

1b - Arabidopsis bp mutant showing dwarf phenotype with shorter and
downwards pointing pedicels and shorter internodes

2a - Arabidopsis KNAT1 with severely lobed transformant flower

2b - Wild-type Arabidopsis flower

3a - Top view of normal Arabidopsis seedling

3b - stm-1 mutant with no SAM and fused cotyledons

4a - Wild-type maize leaf blade

4b - KN1-N2 leaf blade showing knotted phenotype

5a - Wild type Arabidopsis leaf

5b - 35S:BP leaf shows lobed phenotype due to misexpression of BP

6a - Wild-type tomato leaf has 8-16 leaflets

6b - 35S:KN1 tomato leaf is severely dissected and has upto 1000 leaflets
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For gymnosperms, the functions of HBK1 and HBK3 from Norway spruce have
been shown by transformation in Arabidopsis. HBK1 when ectopically expressed in
Arabidopsis show defects in leaf development [70]. HBK3 when overexpressed in
Arabidopsis, plants were shorter with reduced apical dominance, lobed leaves and short
petioles. Elevated expression of HBK3 protein in somatic embryos of Norway spruce
promoted differentiation of immature embryos increased the frequency with which
mature embryos were observed and produced an enlarged stem apical meristem [71]. In
cell lines expressing antisense HBK3 constructs (HBK3-A), the differentiation of
immature embryos was greatly reduced [71]. Norway spruce HBK2 plays a role in
somatic embryo development [72].

Above suggests that knox genes play a significant role in overall development,
meristem formation and maintenance, flower and leaf development and morphology and
embryo development. Alteration in the expression of knl genes through mutation or by
overexpression in transgenic plants produces profound changes in morphology and
growth. Therefore knl is an important gene and could provide clues to embryo

development in gymnosperms and angiosperms.

1.5 Homeobox family of genes
The homeobox is a 180 bp consensus DNA sequence present in several genes
involved in developmental processes [73, 74]. Homeobox genes were first identified in
Drosophila melanogaster to cause homeotic transformations of the body segment [75].
Homeobox genes encode HD proteins which function as transcription factors and play an
important role in plant, fungi and animal development by controlling cell specification

and pattern formation [32-39]. Transcription factors are proteins that bind to promoters of
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target genes in a sequence specific manner and either activate or suppress their
expression [76]. The homeobox encodes a 60 amino acid motif called the HD which is
arranged in three o-helical structure separated by a loop and a turn. Specific sequence in
the third helix of the HD plays a significant role in sequence-specific DNA recognition
and binding [73]. The HD is a sequence specific DNA-binding domain and can directly
regulate expression of target genes [77, 78].

The HD family is divided into two classes, the typical HD class and the TALE
(three amino acid loop extension) class which is the atypical HD class. The TALE class is
characterized by three extra amino acids PYP (proline-tyrosine-proline) between helix 1
and 2 of the HD. Based on the HD sequence, several classes have been identified for
TALE superfamily: PBC (Pre-B cell) [37], MEIS (Myeloid ecotropic viral integration
site) [36], TGIF [32], IRO (Iroquis) [38], MOHAWK (MKX) [39] in animals; the mating
type genes (M-ATYP) [33] and CUP genes in fungi; and KNOX [34] and BELL [35] in
plants. Examples of the TALE family which play significant role in cell fate specification
are human PRL gene and the Saccharomyces pombe MATi gene [79-81]. The typical HD
proteins, unlike the atypical HD proteins, do not have these extra amino acids. An
example of one such typical HD protein is Antennapedia from Drosophila which controls
the placement of legs [75]. Typical HD families in plants include the PHD finger families
(plant HD finger proteins) which have the zinc-finger motif [82, 83]; the HD-Zip family
(HD zipper proteins) which have the leucine zipper [84-87] and the Glabra2 family of
homeobox genes which have leucine zipper like motifs [88]. In plants the TALE
superfamily is divided into KNOX and BELL classes of transcription factors. The KNOX

class is further divided into class I and II based on their sequence similarity, expression
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pattern and position of intron [34, 89]. KNOTTEDI1 belongs to class I KNOX genes. See

Figure 1.7.
HOMEOBOX GENES
TYPICAL TALE
—MEIS 3
Antennapedia —PBC
Engrailed — Animals
Paired RO >
POU —TGIF
LIM —Mokawk |
—M-ATYP
—CUP } Yeasts
—BELL } Plants
KNOX
(N
Cla§s | Class Il
Knotted1

Figure 1.7: KNOTTED1 belongs to the KNOX family of genes.

Homeobox genes are divided into two classes: typical and TALE family. The TALE
family is very diverse and has several members in plant, animals and yeast kingdom.
KNOX genes belong to TALE family of homeobox genes and KNOTTED1 is a KNOX
gene.



1.5.1 KNOX genes belong to the homeobox family of genes

Homeobox genes were first identified in Drosophila to cause homeotic
transformations of the body segment [75]. Homeobox genes encode HD proteins that
function as transcription factors and play an important role in plant and animal
development by controlling cell specification and pattern formation. A large group of
transcription factors called KNOX genes that are found in plants belong to the homeobox
gene family. The presence of HD proteins in plants was first recognized in maize after the
cloning of Knottedl (Knl) by transposon tagging [90]. Knl belongs to the (KNOX)
family proteins. Several KNOX genes have been isolated from various plants such rice
[91], Arabidopsis[60], soyabean [92], barley [93], tomato [94], tobacco [95], spruce (a

gymnosperm) [70, 72] and various other gymnosperms [96].

1.5.2 Features of the KNOX family proteins

The proteins of KNOX family have several conserved regions such as a
MEIKNOX domain, an ELK domain HD, (See Figure 1.8). The MEIKNOX domain can
be divided into two conserved region KNOX1 and KNOX?2 separated by a less conserved
spacer [97]. The KNOX1 domain is thought to be involved in suppression of its target
gene [98] and the KNOX2 domain is thought to be involved in dimerization and
transactivation [99]. The plant KNOX proteins and human MEIS (myeloid ecotropic viral
integration site) proteins are closely related due to their conserved N-terminus region, the
KNOX and MEIS domains respectively [97]. The MEINOX domain has been shown to
homodimerize with KNOX family proteins [93, 98] or heterodimerize with BELL family
of TALE HD proteins [93, 100-105]. The ELK domain based on its predicted secondary

structure might be involved in protein-protein interaction [34, 98, 99, 106] or it may act
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as transcriptional repressor [98]. Some authors have proposed that the ELK domain has
the nuclear localization signal [107]. Sakamoto et al. (1999) generated chimeric proteins
by exchanging different regions of KNOTTEDI-like HD proteins in tobacco and they
observed that the abnormal phenotypes observed were most severe when C-terminal half
of ELK domain was exchanged.

The HD is a three-a helical structure and the third helix functions as the DNA-
recognition helix [73, 102] (see Figure 1.9). Most TALE HD proteins have the conserved
WEXN sequence in the third helix, where X is the 50" amino acid. In many cases this
position is occupied by a small, non-polar residue and is critical for DNA-binding
specificity of the HD [97, 108]. Almost all HD proteins have proline-tyrosine-proline
conserved in positions 24 to 26. Amino acids WW (helix 1), PYP (loop), WFIN (helix 3)
are important for DNA binding; and in particular PYP and WF are conserved among
TALE family proteins in plants and animals [109]. In the animal HD proteins it has been
suggested that the N-terminal end of the HD is required for recognition of the target
sequences [74, 109, 110]. It has also been suggested that the basic amino acid cluster in
the N-terminal HD region functions as a nuclear localization signal [111]. In animals, the
MEIS HD proteins have isoleucine at the 50" position that specifically recognizes the
TGACAGG/CT motif, and the PBX HD proteins have glycine that specifically
recognizes TGAT motif [112]. KN1 from maize and STM and KNAT1 from Arabidopsis
have been shown to interact with TGACAGG/CT motif [102, 103], suggesting that MEIS
and KNOX recognize the same DNA motif. OSH1 from rice has been shown to
recognize a DNA motif similar to that recognized by MEIS/KNOX [98] and NTH15

from tobacco has been shown to interact with TGAC sequence. MEINOX domain by
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itself can form heterodimers but needs the HD for homodimerization [98, 100, 102, 113,
114]. The spliced form of human Meis2 gene which has MEINOX domain but has partial
HD deletion is unable to bind DNA and by competing with the HD containing form for
its interaction partners, functions as a dominant-negative regulator [115]. At the start of
this project no splice which removed HD sequences had been identified for any plant

knox gene.

KNOX1 KNOX2 ELK HD

Figure 1.8: Features of knox gene family.

The proteins in KNOX family possess MEINOX domain which is divided into KNOX1
and KNOX2 regions separated by a linker which are involved in suppression of target
gene and dimerization, ELK domain which is involved in protein-protein interaction and
the HD which is the DNA binding domain.
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Figure 1.9: HD proteins bind DNA as dimer [116].

The three helices in purple connected by loop represent the HD. HD proteins form homo
or heterodimers and as dimer bind to the DNA to activate or suppress the expression of
target gene. The binding occurs through the third helix of the HD.

18



1.6 KNOX genes - Key genes in determining shape and development

1.6.1 Classes of KNOX genes — their expression pattern and function

KNOX genes are divided into two classes - class I and II; based on their sequence
similarity, expression pattern and position of intron [34, 89]. Class I KNOX genes are
expressed in the shoot apical meristem; and are required for their development and
maintenance [34, 117]. Arabidopsis has four class I KNOX genes - STM
(shootmeristemless) [55, 56], KNATI1 (Knotted-1 like in Arabidopsis thaliana), KNAT?2
[60] and KNAT®6 [61] which have minor sequence differences. Class I KNOX genes from
monocot and dicot species have specific or redundant function due to their distinct and
overlapping expression patterns. During Arabidopsis embryogenesis, STM is first
activated at the late globular stage in the center of the apical domain that will give rise to
SAM [46]. KNATTI is first activated and shows highest expression in late globular to
early heart stage and thereafter gradually decreases [118]. Neither STM not KNAT1 are
expressed in developing cotyledons during Arabidopsis embryogenesis [46]. During
vegetative growth, STM is expressed in the central and peripheral zone throughout the
SAM but absent in leaves and the meristem cells destined to become the next leaf [48, 56,
60]. KNAT]I is expressed in the peripheral and rib zone of SAM, and immediately below
SAM [60]; KNAT?2 is expressed in SAM [63, 119] and KNAT®6 in shoot apex, root and
various organs and tissues [61]. During reproductive growth, STM is expressed in
inflorescence and floral meristems, whereas KNAT1 is expressed in a narrow region of
cells in the inflorescence meristem but not in the floral meristem [56, 60]. Thus the class I
KNOX genes in Arabidopsis show similar but slightly different pattern of expression in

SAM. Discrete patterns of KNOX expression have also been seen in maize. ZmKNI1 and
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ZmKNOX8 are expressed in SAM and developing stem but are absent from leaf
primordial and mature leaves. ZmRS1 and ZmKNOX3 are also spread out in SAM in
areas that overlap with ZmKN1. In addition they are also expressed at the base of leaves,
internodes and developing axillary shoot meristems [34, 47]. Class I KNOX genes in
tobacco such as NTH1 and NTHIS5 in the central and peripheral zone of SAM but are
absent in the leaf founder cells. NTH19 is expressed in the rib zone which contributes to
the internal stem tissue and NTH20 is expressed in the peripheral zone of SAM from
which organ primordial are initiated [120]. KNOX genes in the conifer, Picea abies, are
expressed in cone buds, needles, roots, stems and embryogenic cultures [72]. Picea abies
HBKI1 (homeobox of KNOX class) transcript is expressed in low levels in the central
zone of meristem and is absent from the developing needle primordia [70].

Expression of class II genes is more widespread and found in all organs like
leaves, stems, inflorescences, meristems and roots; and their specific functions have not
been recognized yet [34, 117, 121, 122]. Class II KNOX proteins have the same domain
organization (KNOX1, KNOX2, ELK and HD) as class I KNOX genes (see Figure 1.8)
and have more sequence conservation amongst themselves and less with class I KNOX
proteins. Class I KNOX genes when overexpressed do not show any altered morphology
[117, 123]. KNAT3, KNAT4, KNATS and KNAT7 are class II KNOX genes from
Arabidopsis [100, 122]. KNAT3, KNAT4 and KNATS may have a role in root

development and function of KNAT?7 is not known at the time of this writing [124].
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1.6.2 Proteins of KNOX family regulate development by interacting with proteins of
BELL family and other families

The KNOX domain of KNOX proteins is also known as the MEINOX domain
due to the conservation of KNOX sequence in plants with the MEIS sequence in animals
[97]. The KNOX proteins are known to homodimerize through the MEINOX domain [93,
98, 125]. The MEINOX domain of the MEIS proteins has been shown to interact with
another family of TALE class called the PBX family [112, 126-128]. In plants, the
MEINOX domain of the KNOX proteins has been shown to interact with the BELL
family of TALE proteins [93, 100-105, 125]. The interaction of MEINOX with BELL
family members is mediated by a conserved domain in the N terminus, called the
MEINOX interacting domain (MID), which is composed of SKY and BELL domains
[102]. The KNOX-BELL interaction of plant HD proteins parallels the MEIS-PBC
interaction in animals. The KNOX-BELL and MEIS-PBC genes have been proposed to
share a common ancestor based on their evolutionarily conserved structure and
interaction [129]. Studies have shown selective interaction between the KNOX and the
BELL family proteins which means that each KNOX protein interacts with a specific
subset of BELL proteins and vice versa. KNOX-BELL interactions control floral
specification, internode patterning and the maintenance of boundaries between initiating
floral primordial and inflorescence meristem. Heterodimerization of KNOX and BELL
proteins have been demonstrated in monocots and dicots using various methods such as
yeast two-hybrid systems [93, 100-102, 104, 105, 125], in vitro binding [93, 100-103],
ligand blot analysis [103] and in living plants cells [105]. In Arabidopsis, a BELL protein

called PENNWISE (PNY) has been shown to interact with STM and KNATI1 but not

21



with KNAT2 [103-105]. POUNDFOOLISH (PNF), a BEL1-like homeobox gene which
is paralogous to PNY has also been shown to interact with STM and KNATI1 [130].
Another group has shown that BELLRINGER (BLR) binds to STM and KNAT1 but not
to KNAT4 [104]. BEL1 has been shown to bind STM, KNAT1, KNAT2 and KNATS but
to a lesser extent if at all with KNAT3 [100]. VAMANA (VAN) a BEL1-like HD protein
has been shown to interact with STM, KNAT1 and KNATS®6. Interaction of KNAT1 with
PNY and PNF is required for internode patterning and inflorescence development and
that of STM with PNY and PNF is required for meristem maintenance [103-105, 130-
132]. KNATTI interaction with BLR, PNY and VAN is required to regulate inflorescence
architecture or phyllotaxis in Arabidopsis [103-105].

Arabidopsis thaliana ovate family proteins (AtOFPs) have been recently
identified and are also known to interact with the KNOX family proteins. These
interactions are mediated by the only conserved domain of AtOFP with the HDs of
KNOX and BELL proteins [125]. AtOFPs are important regulators of plant development
and they control the intracellular localization of TALE family proteins.

KNOX genes are significant to development and their expression is strictly
controlled. KNOX protein-protein interaction is key to this control. Variation in protein-
protein interaction can have major consequences. Deletion studies in which domains of
KNOX regions have been removed, exchanged or mutated reveal a variety of phenotypes.
Nagasaki et al. (2001) have shown by creating deletion mutants that KNOX1 has
suppressive function and KNOX?2 is required for dimerization. If KNOX2 domain or both
KNOX1 and KNOX?2 domains are deleted from a protein, it cannot form dimer; but if

KNOX1 or KNOX2 or both KNOX1 and KNOX?2 domains are deleted from a protein, it
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can still bind to DNA. Magnani and Hake (2008) have shown that a HD-lacking
KNATM-B protein with complete MEINOX domain is able to interact with proteins of
the BELL family (PNY, BEL1, SAWI1, SAW2) and proteins of the KNOX family
(KNAT1, KNAT3, KNAT4). KNATM isoforms A and C with some MEINOX domain
sequence deletion do not interact with either. MEINOX domain by itself can form
heterodimers but needs HD for homodimerization. [93, 98, 100, 102, 113]. Spliced
mRNAs produced by the human Meis2 gene have MEINOX domains but contain a
partial HD deletion. The proteins translated from these mRNAs are unable to bind DNA
but compete with the HD-containing Meis2 proteins for dimerizing protein partners, and
thus function as a dominant-negative regulator [115]. DNA binding HD driven protein-

protein interaction has been previously observed in metazoan proteins [109, 133].

1.6.3 Intercellular trafficking of KN1

Vital information for position-dependent specification of cell fate is delivered by
intercellular communication. The traditional route of cell-to-cell signaling involves the
ligand and receptor interaction [134]. A novel mechanism of intercellular communication
that has gained importance in the recent years is intercellular trafficking of regulatory
mRNAs and proteins through plasmodesmata [135-140]. These signals can function over
a short distance or systemically throughout the plant. Intercellular trafficking of RNAs
has been shown to play a critical role in physiological and developmental processes in
plants [141-145].

The ability of mRNA/protein movement through plasmodesmata was shown by
localization studies, observations of movement after transient expression by

microinjection, and grafting experiments and chimeras [47, 135, 136, 141, 146, 147]. The
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ability of KN1 to act non-autonomously was first observed in 1990’s [148, 149] and
concrete evidence for the non-autonomy was obtained from comparisons of protein and
RNA localization [47, 48, 140]. Even though zone-specific or cell layer-specific
expression patterns have been observed for KNOX mRNA, KNOX proteins have been
found to accumulate in regions different from where they have been transcribed [47]. In
maize ZmKN]1 protein has been found in epidermal cell layers even though their mRNA
is not present in those cells, suggesting its trafficking ability between different cells.
KNOX proteins have been shown to move between different cell layers through the
plasmodesmata [135, 138, 150]. The region containing NLS has been shown by
mutational analysis and microinjection experiments to be critical for cell-to-cell
trafficking. Using trafficking assay it was shown that KN1 HD is necessary and sufficient
for cell-to-cell trafficking. Using the same experiments it was also shown that KNAT2, 3
and 6 do not have trafficking abilities, suggesting that trafficking of knox genes is
selective [151]. Grafting experiment was performed in tomato where the wild-type plant
was grafted over a knox mutant and due to long-distance movement, the mutant mRNA
was found in the wild-type parts of the plant [142]. KN1 protein movement in
Arabidopsis has been shown by creating KN1-GFP (green fluorescent protein) chimera
[138, 150]. In SAM the trafficking of KNOX proteins between inner and outer cells is bi-
directional but in leaves they can only move from inner to outer layer i.e. from mesophyll
to epidermis but not the other way. These results suggest that intercellular transport plays

a critical role in the normal development of KNOX proteins [150].
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1.6.4 KNOX genes and Hormones

Plant growth and development are controlled by signaling molecules called
hormones. Hormones are synthesized at a particular developmental stage or in particular
cell or tissue type and they elicit specific gene expression responses resulting in alteration
of cell fate of function. In higher plants, several hormone-associated pathways are
intertwined with expression and function of KNOX genes [51].
Auxin — Auxin promotes cell division and cell growth. Antagonistic relationship mainly
with respect to organogenesis has been shown between expression and function of knox
gene and accumulation of auxin. When auxin transport was inhibited in tomato shoot
apex, expression of a knox gene LeT6 was highly increased [152]. Overexpression of rice
oshl gene in tobacco causes decrease in levels of auxin [153]. Due to coordinated effects
of overexpressed knox genes and reduced auxin levels at the shoot apex, apical
dominance is reduced. stm mutants show aberrant spatial positioning of leaf primordia
due to increased auxin levels [57, 58]. It has been suggested that in the semaphorel
mutant, which is a knox gene regulator found in maize, ectopic knox gene (rsl and
knox4) expression and reduced polar auxin transport are linked [154].
Gibberellic acid — GA controls cell elongation. A general antagonism has also been
shown to exist between knox genes and gibberellic acid (GA) due to its incompatibility
with meristematic homeostasis [155]. Transcription of a GA synthesis gene, ntc12, which
encodes GA-20oxidase, has been shown to be repressed by a KNOX protein, NTH15, in
tobacco [156, 157]. As a result GA can be synthesized in leaf primordia where there is no
KNOX' expression, but is suppressed in the SAM where knox genes are expressed.

Ectopic expression of rice homeobox gene, oshl, causes a decrease in GA levels [153].
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Of the four GA synthesis genes in rice (OsGA200x1-4), OSHI15 has been shown to
reduce the expression of OsGA200x2 and 4 [158]. Similar results have also been shown
in Arabidopsis where expression of GA-20oxidase in the SAM is negatively regulated by
STM. Arabidopsis leaves show ectopic meristematic activity due to an increase in KNOX
activity when GA signaling or biosynthesis is reduced. On the other hand, high GA levels
antagonize KNOX function when ectopically expressed in SAM and leaves due to its
increased signaling. The abnormalities caused by ectopic knox gene expression in
Arabidopsis can be partly alleviated by exogenous application of GA [159].
Overexpression of a KNOX protein, POTH ]I, in transgenic lines reduces GA 20-oxidasel
transcript levels in leaves [160].

Cytokinins — Cytokinin promotes cell division and shoot morphogenesis. Cooperative
interaction has been shown between cytokinins (trans-zeatin and isopentenyladenine) and
knox gene expression. Expression of knox genes increases with the increase in cytokinin
levels [95, 153, 161, 162] and plants overexpressing knox genes show increased
cytokinin levels [161, 163, 164]. It has been suggested that knox gene function is a
critical downstream component of the cytokinin-dependent pathway that promotes shoot
development [58]. Overexpression of rice oshl gene in tobacco causes an increase in
cytokinin expression [153]. Seven IPT synthesis genes have been recognized in
Arabidopsis AtIPT1 and AtIPT3-8, and knox gene STM has been shown to induce the
expression of AtIPT7 and AtIPT1. Eight IPT synthesis genes have been recognized in
rice OsIPT1-8 and knox gene OSH1 has been shown to induce the expression of OSIPT2

and 3 [158].
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Ethylene — Ethylene controls fruit ripening. Antagonistic relationship has been shown
between knox gene function an ethylene. When a precursor of ethylene, ACC is applied
to plants, the phenotypes due to KNAT?2 overexpression can be suppressed [165].

Abscisic acid — ABA inhibits cell division. ABA levels are also shown to be regulated by
knox genes. Overexpression of the rice oshl gene in tobacco causes ABA levels to

increase in tobacco plants [153].

1.7 KNOX genes and Evolution

A key player in genome evolution is gene duplication and it can take place by
whole genome or chromosomal duplication, unequal crossing over or retroposition.
Duplicated genes form gene families and are known as paralogous genes [166]. The fate
of a duplicate gene is either to conserve its function (gene conversion), acquire a novel
function (neofunctionalization) or adopt part of the function from the parental gene
(subfunctionalization). Examples of gene conversion are ubiquitin and histone genes
which are required in large amounts [167, 168]. An example of neofunctionalization is
eosinophil-derived neurotoxin which after duplication acquires new function and is called
eosinophil cationic protein [169]. An example of subfunctionalization is engrailed gene
which is a single gene in mouse, but the same function is performed by two different
genes engrailed-1 and engrailed-1b which are generated by duplication in zebrafish [170,
171]. If duplicated genes are not under selection pressure, after few million years they
become pseudogenes [172].

Occasionally mRNAs are reverse transcribed and integrated back in the genome
(retroposition) with the help of trans-acting polymerase and integrase respectively. The

resulting structures are known as processed pseudogenes. They lack promoter and
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introns, and may have a poly-A tail and possibly reading frame disruptions due to frame
shifts or premature stop codons [173]. Once formed, they integrate themselves into a
location different from the original gene [166]. Some examples of pseudogenes described
in plants are the actin pseudogene in potato [174], hmg-coA reductase pseudogene in
cotton [175], the ARI pseudogenes in Arabidopsis [176]; the cdc2 pseudogene in Norway
spruce [177]. Three hundred seventy six processed pseudogenes have been reported in
Arabidopsis [178].

It has been suggested that class I and II knox gene families have been formed by
gene duplication that took place before the divergence of Bryophytes (mosses) and
Spermatophytes (seed plants) which occurred at least 400 MYA [179]. Gymnosperms
and angiosperms are thought to have diverged from a common ancestor about 300 MYA
[180, 181]. Within the gymnosperms, the conifers are thought to have diverged about 140
MYA [182]. Class I knox genes in conifers (KN1, KN2, KN3, KN4) are thought to have
diverged about 160 MYA before the split between pine and spruce [96]. In angiosperms,
KNOX-I genes have diversified into four groups (Al, A2, A3 and A4). Gymnosperms
have only one of these groups which is sister to A4 and all the class I knox genes known
in conifers so far belong to A4 and have diverged into four subgroups (KN1, KN2, KN3
and KN4). These conifer sequences form a monophyletic group and are not shared by
angiosperms. Thus class 1 knox genes in conifers evolved differently from those in
angiosperms probably by gaining new paralogs and losing the common genes after their
split [96]. The Loblolly pine genome is very large and complex (approximately 2 x 10"

bp; roughly 100 fold larger than the Arabidopsis genome). It is composed of highly
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repetitive sequences; and multiple copies of genes which could be either functional gene

or pseudogene are generated by gene amplification [183].

1.8 Altered activity of a single gene has profound effects on development

Very different morphologies, life cycles and characteristics of plants can be
explained by the difference in expression of regulatory genes which are mostly caused by
mutations in promoters and enhancers [184]. An example of this is the development of
maize as domestic crop from its progenitor teosinte by change in expression of a single
gene teosinte branched] (tb1) which increased apical dominance [185]. Another example
is the development of a large tomato fruit from its small progenitor due to change in
regulation of a single gene fruitweight2.2 (fw2.2) [186]. An example of change in
phenotype due to change in single amino acid is of a myb transcription factor gene
shattering4 (sh4) in rice; which causes the wild rice to fall on ground and the cultivated
rice to stay on the plant [187]. See Figure 1.10 for the altered phenotypes of these
examples.

A suite of genes is required for correct embryo development, but alteration in a
single gene can have profound effects on development. Alteration in the expression of
knox genes, through mutation or by increasing or decreasing mRNA levels in transgenic
plants, produces profound changes in morphology and growth. For example, mutation or
overexpression of knox genes in transgenic plants causes great difference in size, shape
and development [50, 51]; therefore is an important gene and could provide clues to
embryo development in gymnosperms and angiosperms. In the following chapters I
describe and discuss knox gene and its novel spliced forms in gymnosperm and

angiosperm.
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Teosinte

Figure 1.10: Altered activity of a single gene has profound effects on development
[188].

Change is expression of ts1 causes domesticated maize to form from wild-type teosinte.
Change in regulation of fw2.2 causes tomato size to increase 30%.

Change in a single amino acid of sh4 converts shattering rice to become non-shattering.
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CHAPTER 2
KNOX PROTEINS LACKING A HOMEODOMAIN ARE
PRODUCED VIA ALTERNATIVE SPLICING OF KNAT-1 LIKE

GENES IN GYMNOSPERMS AND ANGIOSPERMS

2.1 Introduction

Embryogenesis in Gymnosperms and Angiosperms while broadly similar differs
in important respects. In pines the zygote undergoes several rounds of nuclear
duplication before forming walls to create mononuclear cells; multiple embryos develop
initially before one dominates and ultimately a single elongate embryo with 6-8
cotyledons develops. All of the above unfolds within a haploid gametophyte, the
endosperm being absent [28, 30, 189]. In Arabidopsis, the zygote divides asymmetrically
to establish a smaller apical cell which produces the embryo, and a larger basal cell which
will form the suspensor; the embryo assumes a variety of shapes on the way to forming a
dicotyledonous structure, folded over within a triploid endosperm [26, 190]. Despite
these differences, the genes expressed in developing pine embryos show strong sequence
similarity to those found in angiosperm genomes [31]. The distinguishing features of
conifer embryogenesis may be a consequence of the level, timing or localization of
expression of certain regulatory genes perhaps supplemented by the activity of a few
unique or highly differentiated proteins.

The KNOX family of regulatory genes exerts considerable influence upon plant
development [50, 51]. Alteration in the expression of KNOX genes, through mutation or

by increasing or decreasing mRNA levels in transgenic plants, produces profound
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changes in morphology and growth. The ability of these proteins to affect a broad range
of cellular activities is explained in great measure by the presence within the KNOX
proteins of distinct domains that can interact with a variety of other regulatory proteins.
The HD region of KNOX proteins is a sequence-specific DNA-binding domain that can
directly regulate expression of target genes [77, 78]. The KNOX1 and KNOX2 regions
constitute the MEIKNOX domain [97] which has been shown to homodimerize with
KNOX family proteins [98, 114] or heterodimerize with members of the BELL family of
TALE HD proteins [93, 100-105]. However the HD itself is capable of mediating
protein-protein dimerization [98, 114] possibly via the ELK domain [34, 106]. Individual
KNOX proteins appear to interact with BELL proteins in a discriminating manner, with
certain interactions being strong while others are much weaker [100, 103, 104]. KNOX
genes have been identified in conifers, mRNAs have been cloned and the predicted
proteins have been shown to possess features common to the KNOX family [70, 71, 96,
191]. Here we report a novel conifer KNOX mRNA which lacks HD sequences and is
produced by cleavage-polyadenylation within the large third intron of the PtKN1 gene.
This transcript and its encoded protein are expressed during embryogenesis. We show
comparable mRNAs and proteins are produced by the Arabidopsis KNAT1 gene, and by

the maize RS1 gene.

2.2 Results

2.2.1 PtKN1 - the KNAT1-like mRNA of Loblolly Pine (Pinus taeda 1..) Contains
Highly Conserved Domains
By employing primers based on the sequence of the Norway spruce (Picea abies)

KNATI-like mRNA (HBK3, AF483278) in RT-PCR, I cloned fragments of mRNAs
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expressed at different stages of embryo development in loblolly pine (Pinus taeda L.).
Using these sequences, S"RACE was used to obtain the 5° end of the mRNAs. Finally 3°
RACE was used to generate single-molecule cDNA clones containing the 5’UTR
sequences, the complete protein-coding sequence and regions of the 3° UTR
(Supplementary Data Figure A.1). The open reading frame of these clones was 963
nucleotides long and, due to differences in the length of the 3°’UTR, the cDNA clones
varied in length from 1400 to 1900 nucleotides. Taking the longest clone as reference, the
sequences of twenty-nine independently isolated PtKN1 cDNAs were compared and
shown to be virtually identical, with a minimum of zero to a maximum of 8 nucleotide
differences over their length. The predicted protein from the pine KNATI1-like mRNA
(PtKN1) shows strong conservation of sequence within the KNOX1, KNOX2, and HD

regions, when compared to Arabidopsis (Figure 2.1).
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Pt KN1 MNVERLNTAAACASSSLYGYNVAEY COAGYS SNMGLI TCHEPECSEN NSTREFPSSES SF
L I e MEEY------------- CHEN- - - - STTPCHMSFLESP
consensus mnmerl ntaaagasssl ygvnh- EYgdagvssmmgl i t CHe- egse--- - - Hi---F5--
Pt KMN1 HGHADCL LEAANFBGSEGDHKL NPOPGVNBCLVSERS| NSCSSMPL KACSGL RNCGFE
KMNATA SSSNKNDNES CTNENNENMNS SNY GPGY NMMN- IHHHCHNML FPHESEL LP CTTENCER
CONSensus -------- S----g--g----- N--PG Ng----eg-------- P-v-t------- MN- F-
Pt KN1 FHRECPGNCYTOCSSNI PLSPI MTSLASCARGEARN PELEBANSAHFNYONEEHARKSK
KMNATA SCHECPNNNNNPSVKSEAS SSRENHYSMLNMR- - - ARH ANNNNNONYSEYVEANKA K
consensus ---eCP-MN----------- S--w------- Hgea-m- -s- dAN-------- e-- A K- K
 E——
Pt KN1 AHP CYPBLL GAYWODCCKI GAPPEAVARBDAL TREHCCPCRE- - - VS| G- MOPELDCFEM
KMNATA AHPHYSHLL CAYBOCCKI GAPPEVVDRRTAARCEFEARCCHSTREYSASSRLPEL DCFEM
consensus | AHP-Y-sLL- AYiI DCCKI GAPPe- V-Rl - A---e----0G-Hst pt V5- -s5- CPELDCGEM
[ 1 [ ]
Pt KMN1 EAY L TKYHEEL ARFFKEANLFE | CFNSLGKGT] Rl SSPACCDEKTEGGESSEE
KMNATA EAY LVKYREELTRFI CEANEF | CLSMLCCSPI HI L NNPEGK SDNNGS- SDEE
CONSEensus FAYCElL-KY-EEL- P- - EAN- F IEtC--—L-r--I-I—--—D- ----- G- gs- EE
Pt KN1 WEDGSGGETHEF CEMCHHAVEDREL KNHL LREKYSGYL SSLKCEF NKKKKKGKL PKBARCIKL
KMNATA CENNSGGETEL PERCPRAE- DRELKNHL LEKYSGYL SSLKCEL SKKKKKGKL PKEARCKL

consensus - E-- SGGETd-- EvD- - A- eDRELKNHL Lr KYSGYLSSLKCE- - KKKKKGKL PKd ARCKL
|

Pt KN1 L CWASLHCKWPYP SEREKIJAL AECT GL DCKCI NNWEI NCRKRHWKP SEDNHE MYNN- SHS

KMNATA L TWAELHYKWPYP SEBEKMAL AEST GL DCKCI NNWEI NCHKREHWKP SEDNCE MVINDGL CH

consensus L-WA- LH- KWPYPSEL EKI ALAE- TGLDCKCI NNWEI NCEKEHWKE SEDN- FNVM- g- - -
e |

Pt KN1 PHSAAL RHMNMTEG- YL - - -
KNATA PHHAAL GHYNGEGRYRLEGR
consensus PH- AALYve- H- M- eGpY- 1 gp

Figure 2.1: Alignment of the amino acid sequences deduced from the sequences of
PtKN1 and Arabidopsis KNAT1 (NM_116884) mRNA.

There is overall amino acid identity of 62% (86% in HD); and similarity of 77% (92% in
HD)) between the sequences. Conserved domains are indicated as follows: green -
KNOXT; yellow - KNOX2; blue - ELK; red — HD.
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2.2.2 A KNAT1-like mRNA (PtKN1(hd-)) Lacking HD Sequences is Expressed
During Pine Embryo Maturation

Unexpectedly, I isolated several clones of a PtKN1 mRNA which encode a
putative protein containing the MEINOX domain but lacking the HD (Figure 2.2,
Supplementary Data Figure A.2). I will, henceforth, refer to mRNAs containing HD
sequences as (HD+) and those lacking such sequences as (hd-).

The nucleotide sequence of PtKN1(hd-) mRNA is identical to the PtKN1(HD+)
mRNA sequence from the 5’UTR through the KNOX1 and KNOX?2 domains, thereafter
a novel sequence is present containing a stop codon which terminates the PtKN1(hd-)
protein 39 amino acids after the point at which the (HD+) and (hd-) sequences diverge
(Figure 2.2). The PtKN1(hd-) mRNA contains a lengthy 3’UTR which bears no similarity
to any previously identified sequence. The domain structure of the two mRNAs is shown
diagrammatically in Figure 2.3 and the nucleotide alignment is given in Supplementary
Data Figure A.3). This is the first identification of a plant KNAT-1-like mRNA which

lacks HD sequences.
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NMNVERL NTAAACASSSLY GVNNAEYGDAGY SSNVGL I TGHEPECSENI NSTHI PSSFESSE
MNVERL NTAAACASSSLY GYNNAEYGDAGYSSNIVGL | TCHEPECSENI NSTHI PSSESSE
MNVERL NTAAACASSSLY GYNNAEYGDAGY SSMVGL I TCHEPECSENI NSTHI PSSFSSF

HGHADCLL SAANFCGSCGOHKL NP CPGMNCCL W SECS| MSDSSNPLVKTKACSGLENCEFE
HGHADCLL SAANFCGSCGOHKL NP CPGNMNCCLYSECS| MSDESNPLVKTKACSGLENCEE
HGHADCLL S AANFCGSCGOHKL NP CPGMNCCLYSECS] MSDESNPLVKTKACSGLRENCFE

FHRECPGNCYTDCSSN PLSPI VTSLASCARGEARNI PSLDANSAHENVDNEEHAI KSKI
FHRECPGNCYTDCSSEN PLSPI VTSLASCARGEARNI PSLDANSAHFNVDNEEHAI KEKI
FHRECPGNCYTDCSSNIPLSPIVTSLASCAHGEARMIHSLQANSAHFNVDNEEHAIKSK“

LAHPCYPSLLGAY! DCCKI GAPPEAVARLDALTREHCDPCRRTVSI GMCPELDCFNEAYC
LAHPCYPSLLGAY] DCCKI GAPPEAVARLDALTREHCDPCRRTVS| GMCPELDCENEAYC
LAHPCYPSLLGAY! DCCKI GAPPEAVAKLDAL TREHCDPCRRTVSI GMOPELDCFNEAYC
[ ]
El LTKYHEELAKPFKEANLFLEKKI ETCENSLGKGTI Rl SSPECCDEKTEGGGSSEEVEDG
El LTKYHEELAKPFKEANLFLKKI ETCENSLGKGT| Kl SSPENTRELLHKHFLLLFSFI AP
El LTKYHEELAKPFKEANLFLKKI ETCFNSLGKGTI Rl S5Pa- - - - - - - - - - - - - - - - - -
- |
SGGERDF CEVOHHAYEDREL ENHEERENSEY LS SEKCERENKEEKEGRE FKDARC K LD SR
| NSARY CLHYYNSRY SGDKT- - - - - - - - - - - - - o - oo e
e knhl | rkysgyl ssl kgef mkkkkkgkl pkdargkl | dww

sl hdkwpypset eki al aect gl dgkgi nnwfi ngr kr hwkpsedmrhf mvmnshsphsaa
LYVERHNNTEGYL

| yverhmmt egyl

Figure 2.2: Alignment of the amino acid sequences deduced from the sequences of
PtKN1(HD+) and PtKN1(hd-) mRNA.

There is 100% identity between the sequences in the overlapping region. Conserved
domains are indicated as follows: green - KNOX1; yellow - KNOX2; blue - ELK; red -

HD.
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5'UTR A KNOX KNOX FIK HD 3'UTR PtKN1 (+)

— O T I | !
KEF2 KR
S UTR A KNOX KNOX2 3'UTR PtKN1(-)
— | I — ]
KI3U1 KI5R1

Figure 2.3: Domain structure of PtKN1(HD+) and PtKN1(hd-) mRNA.

Thick boxes represent the protein-coding regions and the thin boxes represent the
untranslated regions.

Primers used for the RT-PCR analysis — Location of gene specific primers KEF2+KR
and KI3U1+KI5R1, used for semi-quantitative PCR are shown above. These primers
generate 472 bp and 391 bp products for PtKN1(HD+) and PtKN1(hd-) forms
respectively.

Position of antibody binding - A polyclonal antibody was raised against a peptide
sequence which is present in both the PtKN1 forms. The location of the epitope, the site
of the antibody binding is indicated by a ‘fork’ above the sequence.

Conserved domains and untranslated regions are indicated as follows: turquoise —
5"UTR; green - KNOX1; yellow - KNOX2; blue - ELK; red - HD; tan - (hd-) specific
ORF sequences; pink - (hd-) 3° UTR; purple - (HD+) 3° UTR.
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2.2.3 The PtKN1(hd-) mRNA is Expressed Abundantly During Pine Embryo
Maturation

Expression of a KNATI-like protein which lacks a HD could have significant
influence upon development, either by suppressing KNOX activity through forming non-
functional dimers with HD-containing proteins or through novel interactions resulting in
altered gene regulation. To determine the expression pattern of these transcripts during
embryo development, semi-quantitative PCR was performed using primers specific for
the two forms of mRNA; primer locations are shown in Figure 2.3. Figure 2.4A shows
that the PtKN1(HD+) transcript is expressed fairly steadily throughout pine embryo
development. By contrast, the level of PtKNI1(hd-) mRNA rises gradually, peaking
during the late maturation phase of development, after the embryo has reached its final
shape and size. At its zenith, the abundance of PtKN1(hd-) mRNA greatly exceeds that of
PtKN1(HD+) mRNA and is virtually the exclusive form of KNAT1-like mRNA present
in the embryos immediately prior to germination. Albumin has been shown to be
successfully used as control in semi-quantitative PCR in loblolly pine [192] and therefore

was used as control in this research.

2.2.4 PtKN1(hd-) Protein is More Abundant than the PtKN1(HD+) Protein in Late
Maturing Pine Embryos

To establish that these mRNAs are translated, antibodies were generated against a
loblolly pine PtKN1 sequence common to both forms of protein (Figure 2.4B,
Supplementary Data Figure A.4). The expression patterns observed were broadly similar
to those observed for mRNA. The amount of PtKN1(hd-) protein rose over development,

peaking during late embryo maturation. The quantities of PtKN1(HD+) protein varied
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little over development and did not fall away in late development, as was observed for
PtKNI(HD+) mRNA. One notable feature is that, in late maturing embryos, the
PtKN1(hd-) protein was considerably more abundant than the HD-containing version,

consistent with the quantitative differences in mRNA observed earlier (Figure 2.4A).

SUMMARY FIGURE SHOWING RELATIVE EXPRESSION OF HD+ and hd-
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A4 - Enzyme — Advantage 2 Taq polymerase
No. of cycles — 35
Volume loaded on gel - 8ul (top and bottom panel) or 12 ul (middle panel)
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No. of cycles — 35
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Control protein loading for Western blotting.
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Figure 2.4: PtKN1(HD+) and PtKN1(hd-) mRNAs and proteins are developmentally
regulated.

(A) Semi-quantitative RT-PCR for pine embryos over development. RNA was
extracted from pine embryos at different stages of development, as shown above the lanes
and semi-quantitative PCR was performed. 1- stages 1-4; 2- stages 5-6; 3- stages 7-8; 4-
staes 9.2-9.3; 4- stages 9.4-9.5; 4- stages 9.6-9.7; 4- stages 9.8-9.9. Albumin was used as
control. For staging system see Ciavatta et al. (2001).

(A1-A2) Normalized and original graphs for sq-pcr for PtLKN1(HD+), PtKN1(hd-)
and albumin.

(A3)-(A7) Replicates of Figure 2.4A
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(B) Western analysis of PtKN1 proteins over embryo development.

Protein was extracted from the same pine embryo used for semi-quantitative PCR.
Western blotting was performed using antibody raised in the region shown in Figure 2.3.
Two proteins were detected one of approximately 48kD and the second of 35kD which
correspond to the size obtained from putative protein sequence of PtKN1(HD+) and
PtKN1(hd-) respectively based on their cDNA sequences.

(B1-B2) Normalized and original graphs for western blotting for PtKN1(HD+),
PtKN1(hd-).

(B3)-(B4) Replicates of Figure 2.4B

(BS) Stained protein gel - loading control for Figure 2.4B, Figure 2.4B3, Figure
2.4B4 Equal volume of protein was loaded for each lane. The gel was stained with simply
blue safe stain (Invitrogen, Carlsbad, CA). The loading of the protein does not look even.
Normalized graph is true representation of the expression rather than the original where
the expression of lane 3 (stage 7-8) is higher because of more protein loading compared
to the other stages.

See methods and materials section for the procedure used to make graphs.

2.2.5 Genomic Cloning of PtKN1

The nucleotide identity of the pine PtKN1(hd-) and PtKN1(HD+) mRNAs in their
regions of overlap would be expected if both mRNAs were derived by alternative
splicing of a PtKN1 RNA from the same gene. In Arabidopsis, KNAT]I is a single gene
and no splice variant lacking a HD has been reported [60]. In conifers, no complete
genomic clone of KN1 has been isolated. This may be due to cloning difficulties caused
by the large size of the third intron in many KN1 genes; over 5kb in maize (Zea mays),
5.5kb in rice (Oryza sativa) and over 4 kb for KNAT2 in Arabidopsis [60, 90, 193].
Guillet et al. (2004), cloned genomic regions which were 5™ and 3" to intron 3 of KN1 for
several conifers but did not clone intron 3.

Using gene specific primers based on the mRNA sequences I generated single
molecule clones of the 5’end and 3’end of the PtKN1 gene. I made numerous attempts to
generate a single molecule clone which spanned the third intron of PtKN1 however I was
unsuccessful; consequently I employed °‘Genome Walker’ technology (Clontech,

MountainView, CA) to obtain overlapping clones of PtKN1 intron 3. A diagram of the
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structure of the PtKN1 gene is shown in Figure 2.5. Sequence of the primers used for
isolation of genomic sequence is shown in supplementary data table A.1 and location of
those primers and a contig map of the PtKN1 gene sequence are shown in supplementary
data Figure A.5S.

The sequences of PtKN1 exonsl, 2 and 3 are identical to the sequences found in
the 5° end of both PtKN1(HD+) and PtKN1(hd-) mRNAs. The boundaries of exon 3 are
traditionally defined by alignment of the genomic sequence with the principal mRNA, in
this case PtKNI(HD+). However, in pine the genomic DNA, the region which is
common to both mRNAs is immediately followed, by the unique sequence found at the
3’end of the PtKN1(hd-) mRNA i.e. the 3’end of the PtKN1(hd-) mRNA is encoded by
the proximal end of intron 3. Eleven PtKNI1(hd-) genomic clones covering exon 1
through the proximal end of intron 3 showed 99.6% identity (1 to 9 nucleotide
differences over 2090 bp). The exonic regions of these clones show 100% nucleotide
identity with (HD+) and 100% nucleotide identity with (hd-) cDNAs. These data argue
that the PtKN1(hd-) mRNA is derived from transcription and processing of this PtKN1

gene.
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(HD+) 3'UTR _cDNA
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Figure 2.5: A single PtKN1 gene produces two mRNAs — PtKN1(HD+) and
PtKN1(hd-).

Diagram of PtKN1 Gene Structure. exons (E) and exons (I) are represented by Boxes and
Lines respectively. exons 1, 2 and 3 which encode the region from 5"UTR to KNOX?2
domain are common to PtKN1(HD+) and PtKN1(hd-) mRNAs. The 3’UTR of
PtKN1(hd-) is encoded by the proximal region of exon3. The PtKN1(hd-) mRNA could
be produced by splicing to remove the first two introns followed by cleavage-
polyadenylation or termination within intron 3. While spliced removal of exon3 and 4,
would exclude the sequences encoding the 3°’UTR of PtKN1(hd-) and produce the HD
containing, PtKN1(HD+) mRNA.

The 4™ and 5™ exons encode the HD. A GU-AG splice which removes intron 3,
creates the HD+ form of the mRNA, and in so doing excludes the sequence found at the
3’end of the hd- mRNA. The mechanism determining which type of mRNA is produced
may be complex. The PtKN1(hd-) mRNA could be produced by splicing of the first two
introns followed by cleavage-polyadenylation of the primary transcript emerging from
RNA polymerase as it traverses intron 3. The regulatory dynamic at play would be a
competition between cleavage-polyadenylation within intron 3, to produce PtKN1(hd-)
mRNA, and removal of intron 3 by splicing, to produce PtKN1(HD+) mRNA.

Conifer genomes are large (approximately 2 x 10'° bp); roughly 100-fold larger

than the Arabidopsis genome with multicopy gene families and processed pseudogenes

being common [183, 194]. The sequence identity of the PtKN1(HD+) and PtKN1(hd-)
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mRNAs suggests that they originate from a single gene however, in such a large genome,
additional forms of the PtKN1 gene, such as a version of the KN1 gene which lacks a
HD, may be present. To assay the heterogeneity of the PtKN1 gene family I generated
and cloned genomic fragments spanning different regions of the gene using PCR primers
in exonic regions. Single genomic fragments of expected size were observed and cloned
for analysis. The genomic inserts of individual plasmid clones were amplified by PCR
and digested using several restriction enzymes which cut within intronic and exonic
regions. Digestion patterns for 14 independent genomic clones of the region from the
S"UTR through exon 2; and the region at 3° end covering exon 4, intron 4 and exon 5
show identical digestion patterns (except clones 8 and 14 in Figure 2.6B and Figure 2.6C,
clone 10 in Figure 2.6E and Figure 2.6F; which are consistent with same gene structure in
opposite orientation). These data are consistent with a single form of the PtKN1 gene
within loblolly pine genome.

A further search for sequence heterogeneity was performed by cloning genomic
DNA which lies 5 to the coding region. Using a primer within the ORF which is
common to both types of transcript, I performed ‘genomic walks’; cloning region 5’ of
the PtKN1 gene. Sixteen independent genomic clones of 1.0kb in length were sequenced.
These clones represent approximately 945 bp of the sequence upstream of the putative
TSS. All sixteen clones were nearly identical in sequence. Taking one clone as a
reference I observed between 0 and 8 random nucleotide differences over 1.0kb (data not
shown). Subsequent isolation of overlapping clones and assembly of contiguous sequence
has provided 1,730 bp of ‘promoter’ sequence. The sequences of eight independent

genomic clones representing sequence 1236 — 1669 bp upstream of the putative TSS were
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identical. The lack of sequence heterogeneity within 1,730 bp of PtKNI1 promoter

sequence is consistent with a single form of PtKN1 gene.
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Figure 2.6: Restriction digestion of different regions of genomic DNA to determine
PtKN1 structure.

Region covering exonl, intronl and exon2 and region covering exon4, intron4 and exon5
were amplified with primers as shown in A and D respectively. 14 independent clones of
each region were digested with restriction enzymes that cut at locations marked by
vertical bars as shown in A and D. B and C are digestion of clones generated in region
shown in A; and E and F are digestion of clones generated in region shown in D. Clone
numbers 8 and 14 in B and C and clone number 10 in E and F have different size
products, but are consistent with the same gene structure inserted in opposite orientation
in the vector. All other clones have identical digestion pattern which is consistent with
single form of PtKN1 gene.

B - BamHI, N - Ncol, H - HindIII, X - Xhol, A - Apol , E - EcoRI, P — Psil.
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2.2.6 Cloning of an Arabidopsis KNAT1 mRNA lacking HD Encoding Sequences
Arabidopsis KNAT1 mRNA (NM_116884) has been studied extensively. The
absence in any EST database of a KNAT1 variant which lacks HD sequences may reflect
the absence of such a splice in this plant, or may indicate very low levels of such an
mRNA. I sought to clone an AtKNAT1(hd-) mRNA from Arabidopsis embryos. Since
the nature, location and magnitude of such a splice was unknown to us, and could
conceivably include intronic sequences as I had observed in pine, a PCR strategy using
gene specific primers was untenable. However, by making SMART cDNA (Clontech,
MountainView, CA) from Arabidopsis seeds, 5 days after fertilization and conducting 3’
RACE using a primer located 5’ to the HD sequence and the adapter primer located at the
polyA tail I isolated a cDNA fragment representing a form of KNAT1 mRNA which
lacked HD sequences (Figure 2.7, Supplementary Data, Figure A.6, Figure A.7).
Subsequently using gene specific primers flanking the splice site I generated several
identical cDNA clones, indicating that this appears to be the sole or at least the
predominant splice used to remove KNAT1 HD sequences from the primary transcript.
The splice initiates at a GU donor site 59 nucleotides from the normal end of exon
3 and terminates at a UC acceptor site located 167-168 nucleotides within exon 5, thereby
excising intron 3, exon 4, intron 4 and the first 168 nucleotides of exon 5. The usage of
such non-canonical splice site in Arabidopsis has not been observed before. The splice
removes the last 29 nucleotides of the KNOX2 domain resulting in loss of the terminal 11
amino acids of the 52 amino acid KNOX?2 domain, as well as the entire HD. By contrast,

in loblolly pine, the entire KNOX2 domain is present within the PtKN1(hd-) protein.
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Figure 2.7: Alignment of the amino acid sequences deduced from Arabidopsis
KNAT1(hd-) and KNAT1 (full length) cDNA.

There is 100% identity between the sequences in the overlapping region. Conserved
domains are indicated as follows: green - KNOX1; yellow - KNOX2; blue - ELK; red -
HD
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2.2.7 Identification of a Transcript Lacking HD Sequences in a Monocotyledonous
Plant Maize RS1

Magnani and Hake (2008) identified KNATM as a KNOX-like protein lacking
HD in dicotyledons, no KNATM sequence could be identified in monocotyledons. I have
identified an (hd-) spliced form of RS1 (NM_001111861.1) in maize by BLAST search
against the NCBI nucleotide database (Supplementary Data Figure A.8, Figure A.9). This
form of mRNA (DY?236300.1) lacks part of the ELK domain (the last 19 of the 22 amino
acids) and the splice removes the first 27 of the 66 amino acid HD sequences. The key
amino acids WW from helix 1 and P from the PYP loops are missing; and the amino

acids IN of the conserved WFIN motif from helix 3 are changed to FT.

2.2.8 Expression of Arabidopsis KNAT1 mRNA lacking HD Sequences

To assay the relative abundance of mRNAs containing or lacking the HD
sequence I conducted semi-quantitative RT-PCR. Arabidopsis embryos complete
development in about 11 days after which desiccation ensues to produce a fully mature
seed after about 14 days [190]. Approximately 5 days after fertilization Arabidopsis
embryos are entering the ‘torpedo’ stage, a late morphogenic phase of development, and
at 10 days they are in maturation phase. Our results show that in 5-day old seeds and in
Rosette leaves KNATI1(hd-) mRNA is present in very low amounts relative to
KNAT1(HD+) mRNA while in 10-day old seeds and whole plant no KNAT1(hd-)
mRNA could be detected (Figure 2.8A). This is in contrast to expression of PtKN1(hd-)
mRNA for equivalent stages of development in pine; during late morphogenesis, pine
PtKN1(hd-) mRNA is fairly abundant and in late maturing embryos it is essentially the

dominant KNAT1 mRNA species (Figure 2.4B).
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2.2.9 The KNAT1 and KNATM Genes in Arabidopsis Exhibit Different Expression
Patterns

During the course of this project, Magnani and Hake (2008) reported a novel
member of the Arabidopsis KNOX family, KNATM, which is encoded by a small gene
on Chromosome 1 (Atlgl4670). KNATM is expressed, by alternative splicing, via three
mRNAs KNATM-A, B and C. The KNATM-B mRNA encodes a full MEINOX domain
and in yeast two-hybrid assays was shown to interact with a number of BELL proteins.
In experiments where the KNATM-B MEINOX domain was deleted no such interaction
was observed and the KNATM-A and KNATM-C proteins, which encode partial
MEINOX domains, did not interact with BELL proteins. The KNATM gene was
identified in several angiosperm dicotyledonous plants, but no comparable gene was
found in monocotyledons. By contrast, here we report that KNATI1-like mRNAs and
proteins lacking HD sequences are present in gymnosperms, and both monocotyledonous
and dicotyledonous angiosperms. KNATI-like proteins lacking HD may thus be
ubiquitous; the role of KNATM may be complementary to that of KNATI in
dicotyledons or partially redundant. To examine the relative expression patterns of
KNATI1 and KNATM in Arabidopsis, we performed semi-quantitative PCR using a
primer common to the KNATM mRNAs and a primer specific to the KNATM-B mRNA.
Figure 2.8B shows that KNATM-B mRNA is expressed in Rosette Leaves and Seedlings,
as was observed by Magnani and Hake (2008), but I detected no expression in seeds
either 5 or 10 days after fertilization. These results indicate different patterns of
expression for AtKNATI1(hd-) and KNATM-B mRNAs which suggest different roles

within development.
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2.2.10 Cloning of Arabidopsis KNAT1 mRNA Lacking the MEINOX encoding
sequence

Using two gene specific primers located in the 5’ and 3° UTRs of KNATI
mRNA, Iisolated a cDNA fragment representing a form of KNAT1 mRNA which lacked
MEINOX sequences (Supplementary Data, Figure A.10, Figure A.11). This form of
KNATI lacks KNOX1 domain and partial KNOX2 domain. The splice initiates at a GU
donor site 426 nucleotides from the normal end of exonl and terminates at the traditional
AG acceptor site of intron 2, thereby excising intron 1, exon 2 and intron 2. The splice
removes 344 nucleotides starting at position 40 after start codon, the entire KNOX1
domain and the first 45 nucleotides of the KNOX2 domain. The translated product of
KNATI1(knox-) mRNA lacks 117 amino acids compared to wild type sequence, starting
at position 15 after initiating Methionine, this splice removes the entire KNOX1 domain

and first 15 of the 45 amino acids of the KNOX2 domain.

2.2.11 Expression of KNAT1 mRNA lacking MEINOX Sequences

To determine the relative abundance of mRNAs containing or lacking the
MEINOX sequence 1 conducted semi-quantitative RT-PCR. Our results show that in 5
and 10 day old seeds and in seedlings KNAT1(knox-) mRNA is present in low amounts
relative to KNAT1(HD+) mRNA and in rosette leaves no KNATI1(knox-) mRNA could

be detected (Figure 2.8E).
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SUMMARY FIGURE SHOWING RELATIVE EXPRESSION OF KNATI,
KNAT1(hd-)

D5 D10 RL S

—> KNAT1 cDNA
*

—> KNAT1(hd-)

A, B - Enzyme - Advantage2 Taq Polymerase
No. of cycles - 50
Volume loaded on gel — 20 ul

Sq-PCR - KNAT1(hd-) (Normalized)

18000
16000
14000 -
12000 -

10000 + @ KNAT1

8000
6000 m KNAT1(hd-)

4000 -
2000 -

Band Intensity

w»

-2000 b5 (521} RE

Arabidopsis tissue

A1l — Normalized graph of sq-pcr for KNAT1 and KNAT1(hd-)

55



Sqg-PCR - KNAT1(hd-) (Original)

18000
16000
14000 +— —
12000 +—

10000 4= O KNAT

8000 -
6000 m KNAT1 (hd-)

4000 +
2000 +—

Band Intensity

-2000

hn

N0 By
Uiy nL

v
a1

Arabidopsis tissue

A2 — Original graph of sq-pcr for KNAT1 and KNAT1(hd-)

INDEPENDENT spPCR EXPERIMENTS for KNAT1(hd-)
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57
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SUMMARY FIGURE SHOWING RELATIVE EXPRESSION OF KNATI,
KNAT1(knox-)
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INDEPENDENT spPCR EXPERIMENT for KNAT1(knox-)
D5 D10

= -

E3 - Enzyme - Advantage2 Taq Polymerase
No. of cycles — 40
Volume loaded on gel — 10 ul

Figure 2.8: Spliced forms in Arabidopsis KNAT1 that lack HD or KNOX regions.
(A) RT-PCR analysis of Arabidopsis KNAT1(hd-)

(B) RT-PCR analysis of Arabidopsis KNATM-B

(A1) Normalized graph of sq-pcr for KNAT1 and KNAT1(hd-)

(A2) Original graph of sq-pcr for KNAT1 and KNAT1(hd-)

(A3) Replicate of Figure2.8A

(A4) Replicate of Figure2.8A

(AS) Replicate of Figure2.8A and Figure 2.8B

(A6) Replicate of Figure2.8A and Figure 2.8B

(C) Western analysis of AtKNAT1 proteins using Antibody sc-19215

KNAT1(hd-) protein is expressed in Arabidopsis. Antibody binds to only KNAT1(hd-)
and expression is seen in RL. Anti-AtKNAT1 Antibody sc-19215 was purchased from
Santa Cruz Biotechnology, CA).

(C1) Normalized graph of western blotting using Ab that binds to internal region of
KNAT1

(C2) Original graph of western blotting using Ab that binds to internal region of
KNAT1

(C3) Replicate of Figure 2.8C

(D) Western analysis of AtKNAT1 proteins using Antibody sc-19217

KNATI1(knox-) protein is expressed in Arabidopsis Antibody binds both KNAT(hd-) and
KNAT(knox-) and expression is seen in RL and S respectively. The expected size of
KNATI1(hd-) and KNATI1(knox-) from putative protein sequences are 25kD and 27kD.
Anti-AtKNAT1 Antibody sc-19217 was purchased from Santa Cruz Biotechnology, CA).
(D1) Normalized graph of western blotting using Ab that binds to C terminal region
of KNAT1

(D2) Original graph of western blotting using Ab that binds to C terminal region of
KNAT1

(D3) Replicate of Figure 2.8D

(D4) Control protein loading for Figure 2.8C, Figure 2.8C3, Figure 2.8D and Figure
2.8D3

(E) RT-PCR analysis of Arabidopsis KNAT1(knox-)

(E1) Normalized graph of sq-pcr for KNAT1 and KNAT1(knox-)

(E2) Original graph of sq-pcr for KNAT1 and KNAT1(knox-)
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(E3) Replicate of Figure 2.8E

Day 5 (D5), Day 10 (D10) seeds after fertilization, rosette leaves (RL) and seedling (S)
tissue.

% — Band was cloned and sequenced and shown to be primer multimer (data not shown).
@ - Antigen for this antibody is located within the KNOX domain in a region with strong
sequence similarity to KNAT2 and KNAT6 proteins which are 35-36kD respectively.
Since Antibody sc — 19217 shows greater KNAT]1 specificity, and does not detect this
band (Figure 6D), the 35kDa species may be KNAT2 and/or KNAT®6 proteins.

2.2.12 An OSH1-like Transcript Splice Removes KNOX Sequences and Changes
Reading Frame in Rice

I identified several (knox-) spliced forms of OSHI in rice, a monocot, by a
BLAST search against the NCBI nucleotide database. These transcripts (e.g.
AK107637.1, NM_001057674) lack part of the KNOX1 domain (corresponding to the
first 19 of the 45 amino acids) (Supplementary Data, Figure A.12). Alignment of
AK107637.1 mRNA and full-length mRNA (D16507.1) with the genomic sequence
assigns 7 exons to AK107637.1 compared to 5 exons for D16507.1. Translation initiation
appears coincident with the major transcript, however, a splice 183 nucleotides after the
ATG of AKI107637.1 removes 176 nucleotides, creating a 19 nucleotide exon
corresponding to the final 19 nucleotides of exon 1 in D16507.1). Thereafter the
sequences are identical, and all succeeding splices are common between AK107637 and
D16507.1. However the 176 nucleotide splice, effects a change in reading frame and

results in a protein lacking MEINOX and HD which has no similarity to OSHI.

2.2.13 Proteins Are Encoded by KNAT (hd-) and KNAT(knox-) mRNAs
To determine whether the KNATI1(hd-) and KNATI(knox-) mRNAs are
translated, I performed Western analysis using protein isolated from rosette leaves and

seedling tissue (Figure 2.8D). Using the KNAT1 Antibody sc-19215, which is raised
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against a 20 amino acid peptide antigen mapping between aa# 150-200 of NP_192555.1
(Santa Cruz Biotechnology, pers.com. K. Griffin) I detected bands corresponding to the
KNAT]I full length protein and the KNAT(hd-) protein in Rosette Leaves (Figure 2.8C).
In seedlings I detected the full length KNAT1 cDNA but KNAT(hd-) was absent.. These
results are consistent with the RT-PCR results (Figure 2.8A). A very prominent protein
band was detected in both samples migrating around 35kD. I have found no AtKNAT1
cDNA capable of encoding a 35kD protein. Since region 150-200 of KNATI, against
which the sc-19217 antibody was raised, encodes the KNOX domain which has very
sequence similarity to the KNOX domains of KNAT2 (mw. 35.64 kDa) and KNAT6
(mw. 36.9 kDa) it is possible that the antibody is binding to these proteins
(Supplementary Data, Figure A.13).

To analyze KNAT1 expression further, I repeated Western analysis this time
using the KNAT1 Antibody sc-19217, which is raised against a 20 amino acid peptide
antigen mapping to the C-terminal of KNATI1, between aa# 350-400 of AAMO03027.1
(Santa Cruz Biotechnology, pers.comm K. Griffin). This region bears no similarity to
other KNAT-like proteins and in this analysis no 35kDa band was seen (Figure 2.8D).
The sc-19215 antibody detects full length and KNAT1(hd-) protein in rosette leaves and
seedlings. The sc-19217 antibody detects a 25 — 27kDa band in Seedling tissue whereas
no band of this size was seen in this tissue using sc-19215. AtKNAT1(knox-) mRNA is
present in seedling tissue (Figure 2.8E), and its predicted peptide is 27kD. Since the sc-
19217 antibody binds outside the KNOX domain it is likely that the 25 — 27kDa band is

the AtKNATI1(knox-) protein. It is notable that while AtKNATI(HD+) mRNA is more
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abundant than the AtKNAT1(hd-) mRNA (Figure 2.8A) the quantities of their proteins

don’t differ much (Figure 2.8 C, D).

2.3 Discussion

2.3.1 KNOX proteins Containing or Lacking HD Sequences are Produced by
Alternative RNA Processing of a Single Gene

Here I report that in loblolly pine embryos two principal forms of KNAT]1-like
mRNA are produced. One mRNA, PtKN1(HD+), includes the MEINOX and HD
sequences found in plant KNATI1-like mRNAs but the second mRNA, PtKN1(hd-), is
novel in plants in that while the MEINOX domain is present, the mRNA lacks the ELK
and the HD sequence and terminates in a novel 3’UTR. Western analysis reveals that
both these mRNAs are translated, the PtKN1(hd-) mRNA and protein are abundant and
in late maturing embryos their quantities exceed that of the canonical form. Proteins
encoded by PtKN1(hd-) mRNA would be able to form heterodimers but not homodimer
since. MEINOX domain by itself can form heterodimers but needs the HD for
homodimerization [98, 100, 102, 113, 114]. No protein-protein interaction mediated via
ELK domain could occur through such a protein and without the HD this protein would
not be able to recognize and bind DNA. The PtKNI1(hd-) protein may function as a
dominant-negative regulator of PtKN1 by binding and sequestering interacting proteins
as non-functional dimers. By genomic sequencing I demonstrated that the novel 3’UTR
of the PtKN1(hd-) mRNA is encoded by the regions of the gene immediately following
the MEINOX domain, a region of the gene that had been designated previously as exon

3. Beyond intron 3 lies the HD sequences encoded by exons 4 and 5. While conifer
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genomes are large, contain multi-gene families and many processed pseudogenes, four
lines of evidence support the conclusion that PtKN1 gene has a single structure in the
pine genome: 1) Twenty nine independently isolated PtKN1 cDNAs were virtually
identical in sequence, with a minimum of O to a maximum of 8 nucleotide differences
over their length. Five PtKN1(hd-) cDNAs were identical to one another and to the
overlapping regions of the PtKN1(HD+) cDNAs. 2) Eleven PtKN1(hd-) genomic clones
covering exon 1 through the proximal end of intron 3 showed 99.6% identity (1 to 9
nucleotide differences over 2090 bp). The exonic regions of these clones show 100%
nucleotide identity with (HD+) and 100% nucleotide identity with (hd-) cDNAs. 3)
Restriction enzyme digestion patterns for 14 independent genomic clones of the region
from the 5"UTR to exon 2 were identical, similarly 14 independent clones of the region
covering exon 4, intron 4 and exon 5 show identical digestion patterns (Figure 2.6). 4)
Sixteen independent genomic clones containing approximately 945 bp of the PtKNI1
promoter were generated from a region within the open reading frame that is common to
both types of transcript. The sequences were identical, containing between 0 and 8
random nucleotide differences over their length. Eight additional independent genomic
clones which extended the region to 1670bp beyond the TSS were identical in sequence.
The structure of the gene indicates that the PtKN1(hd-) mRNA could be produced
by splicing of the first two introns followed by cleavage-polyadenylation of the primary
transcript within intron 3. The PtKN1(HD+) mRNA could be produced by splicing of the
first two introns followed by a splice which removes intron 3 and the unique sequences
found at the 3’-end of the PtKN1(hd-) mRNA. These processes would be mutually

exclusive.
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Tian et al. (2007) found that in about 20% of human genes, cleavage-
polyadenylation occurred within an intron to produce alternative, truncated mRNA
molecules. Weak 5’ splice sites and long introns were associated with intron
polyadenylation. The choice of alternative polyadenylation site varied with tissue [195],
and intronic polyadenylation also varied in different cell lines [196]. A dynamic between
splicing and polyadenylation, has recently been shown to control the expression of the
thiamin biosynthetic gene, THIC, in Arabidopsis [197]. The process is mediated via a
riboswitch involving a conserved aptamer sequence which is capable of binding the
vitamin B1 derivative, thiamin pyrophosphate (TPP). In the THIC gene, an intron,
containing a major 3’ end cleavage-polyadenylation site, immediately follows the stop
codon. In the absence of TPP, the aptamer, located downstream, can interact with the 5’
splice site. This blocks intron removal and the transcript is cleaved to form a strongly
translated mRNA bearing a short 3’UTR. When present at high levels, TPP binds to the
aptamer, altering its conformation such that 5’splice site interaction does not occur;
consequently the intron is spliced out resulting in mRNAs with lengthy 3’UTRs, which
are poorly expressed. Riboswitches are well characterized in bacterial systems and have
been implicated in controlling expression of several metabolic genes in eukaryotes;
however, none of these encode transcription factors.

The KNOX mRNAs have been cloned in Norway spruce and their abundance
during embryo development in vitro has been assayed by semi-quantitative PCR. KNAT1
transcripts (HBK3) were expressed at constant level over somatic embryo development.
However, these experiments employed primers specific to the 5’- and 3’-UTR of KN1

transcripts which include the HD, thus the expression of the KN1(hd-) mRNA was not

67



observed. Elevated expression of the HD containing HBK3 protein in somatic embryos of
Norway spruce promoted differentiation of immature embryos, increased the frequency
with which mature embryos were observed and produced an enlarged stem apical
meristem [71]. In cell lines expressing antisense HBK3 constructs (HBK3-A), the
differentiation of immature embryos was greatly reduced however immature embryos in
sense and antisense lines were not morphologically different. Belmonte et al. (2007)
suggested that the antisense construct may be down-regulating an additional KNOX gene,
noting the similarity of Norway spruce genes HBK1. Norway spruce embryos do produce
KNI transcripts lacking HD sequences (equivalent to PtKN1(hd-), our unpublished data)
thus the phenotype observed could derive from suppressing translation of KN1(hd-)
mRNA. When HBK (sense) was expressed in Arabidopsis several post embryonic
phenotypes were observed such as lobed rosette leaves and dwarf phenotypes,
characteristics that were not observed for spruce. Belmonte et al. (2007) suggested that
the strength of the different promoters used to express the cDNA may explain the
different characteristics. It was observed that AtKNAT-1(hd-) mRNA is expressed at
much lower levels than pine PtKN1(hd-) mRNA (Figure 2.4A, Figure 2.8A) thus the
relative abundance of (hd-) mRNAs in spruce and Arabidopsis may also contribute to the

differential phenotypes observed.

2.3.2 The Arabidopsis KNAT1 Gene Produces mRNA and Protein Lacking HD
Sequences

I discovered a comparable splicing event that removes the HD sequence from the
Arabidopsis KNAT1 RNA. The HD spliced KNAT1 mRNA is present at very low levels

with respect to the HD-containing KNAT1 mRNA. This is in contrast to the relative
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abundance of the PtKN1(hd-) mRNA in pine embryos and the rarity of this spliced form
may explain why an Arabidopsis KNATI mRNA lacking HD sequences has not been
reported previously. While the overall quantities of KNAT1(hd-) mRNA may be low, the
tissues assayed are complex and this form of mRNA may be very abundant in particular
cell types.. Any protein-protein interaction possible through the ELK domain will be lost
and without the HD, the KNAT1 (hd-) form will not be able to recognize and bind DNA
or localize to the nucleus. This implies that the KNATI1(hd-) protein may function
cytoplasmically (because of the lack of NLS which is present at the N-terminal end of the
HD), perhaps pairing with proteins thereby preventing their import into the nucleus. The
KNATI1 (knox-) proteins lack the C-terminal side of KNOX?2 domain. Since the KNOX2

domain is required for dimerization these proteins may be unable to form dimers.

2.3.3 In Monocotyledons KNAT1 like Genes are Spliced to Produce Transcripts
lacking HDs

Magnani and Hake (2008) cloned and characterized KNATM, a KNOX-like
protein lacking HD sequences. KNATM was found in many dicotyledons, but no
homolog could be identified in monocotyledonous plants. By contrast mRNAs of the
monocotyledon maize gene rsl in which the splice has removed some of the HD were
identified by search against NCBI database. The protein encoded by this form of RS1
mRNA would be able to form heterodimers, but may not be able to form homodimers.
Without the ELK domain and with key regions of HD being either changed or absent, the
protein would be unable to bind DNA and so could function as a dominant-negative

regulator of RS1 by competing with its interacting partner.

69



The splice responsible for excising the Arabidopsis KNAT1 HD begins in exon3
and removes intron 3, exon 4, intron 4 and part of exon 5. Interestingly, insertion
elements which produce dominant mutations of KNATI1 in maize have been shown to
locate within exon 3 [198]. Similarly the ‘Hooded’ mutation in barley is located within
exon 4. These dominant mutations in non-coding regions allow KNOX expression to
expand outside the shoot apical meristems. Greene et al. (1994) suggested that a
chromatin organizing element within the intron may have been disrupted by these
insertions, resulting in the phenotype [198]. The discovery of a large splice which
produces mRNA lacking HD sequences (Figure 2.7, Figure 2.8, Supplementary Data
Figure A.6) may provide an alternative explanation. Insertions within introns can reduce
splicing efficiency [199, 200]. Insertions within the third and fourth introns of KN1 may
affect splicing such that the amount of KN1 (hd-) mRNA and KNI (hd-) protein is
reduced. If these KN1(hd-) proteins do function as suppressors of KNI activity by
interacting with HD-containing proteins, then diminished quantities of KN1(hd-) proteins
would result in incomplete suppression of KNI1. Spatial expansion of KNI activity
beyond the SAM could be one manifestation of reduction of KNI1(hd-) suppressor
protein. Such a scenario implies that despite its low abundance, splicing of KNI to
produce KN1(hd-) mRNA is an important regulatory process which is regulated in a cell

and tissue-specific fashion.

2.3.4 Splicing Removes MEINOX Sequences from KNAT1 mRNA
I report another spliced form of Arabidopsis KNATI that lacks the MEINOX
encoding sequence. KNAT1(knox-) may not be able dimerize with other protein; but they

may be able bind DNA with low affinity as a monomer [201], thus blocking the sites for
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KNOX homo or hetero dimers to bind and function. A transcript which lack KNOX1
sequences was also identified for the rice OSH1 gene; splicing creates a frameshift in the
mRNA which produces a protein with little similarity to OSH1.

Deletion studies in which domains of KNOX proteins have been removed,
exchanged or mutated reveal a variety of phenotypes. Nagasaki et al. (2001) have shown
by creating deletion mutants that KNOX1 has suppressive function and KNOX2 is
required for dimerization. If the KNOX2 domain or both KNOX1 and KNOX?2 domains
are deleted from a protein, it cannot form a dimer; but if KNOX1 or KNOX2 or both
KNOX1 and KNOX?2 domains are deleted the protein can still bind to DNA. Magnani
and Hake (2008) have shown that KNATM-B with complete MEINOX domain is able to
interact with proteins of BELL family (PNY, BEL1, SAWI1, SAW2) and proteins of
KNOX family (KNATI1, KNAT3, KNAT4). KNATM isoforms A and C with some
MEINOX domain sequence deletion do not interact with either KNOX or BELL family
proteins.

Sakamoto et al. (1999) generated chimeric proteins by exchanging different
regions of KNOTTED1-like HD proteins in tobacco and they observed that the abnormal
phenotypes observed were most severe when the C-terminal half of the ELK domain was
exchanged. Nagasaki et al. (2001) constructed several conserved domain deletion
constructs and were able to show that the ELK domain acts as a transcriptional repressor
of target gene. Based on the phenotype observed, they also suggested that ELK domains
may be involved in protein-protein interaction.

Amino acids WW (helix 1), PYP (loop), WFIN (helix 3) are important for DNA

binding; in particular PYP and WF are conserved among TALE family proteins in plants
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and animals [109]. It has been suggested in animals, the N-terminal end of the HD is
required for recognition of the target sequences [74, 109, 110] and the basic amino acid
cluster in the N-terminal HD region functions as a NLS [111]. The MEINOX domain by
itself can form heterodimers but needs the HD for homodimerization [98, 100, 102, 113,
114]. Spliced mRNAs produced by the human Meis2 gene have MEINOX domains but
contain a partial HD deletion. The proteins translated from these mRNAs are unable to
bind DNA but compete with the HD-containing Meis2 proteins for dimerizing protein
partners, and thus function as a dominant-negative regulator [115]. These results from
previous studies help in understanding the function of (hd-) forms.

The naturally-occurring spliced KNAT1 mRNAs which we report encode proteins
whose architectures resemble those of the artificial constructs discussed above. Studies
in which domains are removed, exchanged or mutated thus predict the range of
phenotypes and characteristics that may be expected as these mRNAs are more
thoroughly investigated.

KNOX proteins lacking HDs are expressed abundantly in pine embryos but at a
very low level in Arabidopsis embryos (Figure 2.7). knox genes are central to many
regulatory processes and knox gene misexpression creates pronounced phenotypes [50,
51]. The degree to which the divergent morphology and developmental biology of
loblolly pine and Arabidopsis embryos can be explained by an alteration in KNOX

expression is an intriguing speculation.
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2.4 Methods and Materials

2.4.1 Plants and Embryo tissue

Loblolly pine embryos were isolated from pine cones harvested weekly from
open-pollinated loblolly pine mother tree 7-56. Cone collection took place from 7/01/04
until 10/15/04 in a commercial pine orchard in Lyons, Georgia, US. Pine seeds were first
cracked open to reveal the ovule. The ovules were dissected under microscope to excise
the whole embryos which were then flash frozen. Embryos were staged according to the
staging system developed by Pullman and Webb (1994). RNA was isolated as described
below. Arabidopsis tissue and RNA were obtained from Dr. Joe Nairn (UGA) and Dr.

John Ohlrogge (Michigan State University).

2.4.2 RNA isolation and cDNA synthesis

Embryos from early stages 1-4, middle stages 5-8, and late stages 9.2-9.3, 9.4-9.5,
9.6-9.7 and 9.8-9.9 were pooled together and total RNA was isolated using TRI-reagent
protocol (TR-118, Molecular Research Center, Inc.). Reverse transcription was
performed on 500ng RNA from each stages using SMART RACE kit (rapid
amplification of cDNA ends from Clontech, MountainView, CA) and the resulting first-
strand cDNA containing adaptors ligated to the 3 end was used as template for the PCR
reaction. Genomic DNA from loblolly pine tree 7-56 was a gift from Dr. Daniel Peterson,

Mississippi Genome Exploration Laboratory (http://www.mgel.msstate.edu/about.htm).

2.4.3 Molecular cloning of PtKN1
Using cDNA from late morphogenic stages 5-8 as template, a 500-bp fragment

was generated using two primers based on the knotted] Norway spruce sequence (HBK3,
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AF483278). New primers were designed from this sequence and using RACE experiment
[202] full length cDNA sequence was obtained. Two gene specific primers 5'-
TTGTAGGTCGCCTGGCCAAAGAGCTGA-3" (outer) and 5-
TCACCCAAATGCTGGCTGAATGCTGTGA-3" (nested) were designed in the 5° UTR
and were 107-80 and 65-37 bp upstream of the start codon respectively. These outer and
nested primers were used with universal primer mix (UPM) and nested universal primer
(NUP), respectively, to perform 3*'RACE for isolation of full length cDNA. PCR mixture
of 50ul volume containing 2.5uM of each dNTPs, 1X PCR buffer, 1 unit of Advantage
Taq polymerase, 1uM of the gene specific primer and 1uM of the universal primer mix
for the outer reaction or 1uM of the nested universal primer for the nested reaction were
used. 3° RACE reaction was performed with conditions of 94° for 2 minutes; 40 cycles of
94° for 30 seconds, Tm for 30 seconds and 72° for 2 minute; followed by 72° for 10
minutes. cDNAs of various size were isolated by 3° RACE. The PCRs were performed in

Eppendorf thermocycler (Westbury, NY).

2.4.4 Molecular cloning of KNAT1 spliced forms lacking HD and MEINOX domain
encoding sequences

Two gene-specific primers 5 -ACGGCGGCACGGCAAGACTTTGAGGCT-3"
(outer) and 5°-CCCGGAGTTAGATCAATTCATGGAAGCATAC-3" (nested) were
designed to an internal region (KNOX domain coding sequence) based on KNAT1 cDNA
and were 501-528 and 572-603 bp downstream of the start codon, respectively. These
outer and nested primers were used with universal primer mix (UPM) and nested
universal primer (NUP) respectively to perform 3° RACE experiment [202] with cDNA

from Arabidopsis seeds 5 days after fertilization. Partial cDNA sequence of KNATI1 was
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cloned from which C-terminal sequence of KNOX2, and the entire ELK and HD
sequences were spliced out. PCR mixture of 50ul volume containing 2.5uM of each
dNTPs, 1X PCR buffer, 1 unit of Advantage Taq polymerase, 1uM of the gene specific
primer and 1uM of the universal primer mix for the outer reaction or 1uM of the nested
universal primer for the nested reaction were used. 3° RACE reaction was performed with
conditions of 94° for 2 minutes; 40 cycles of 94° for 30 seconds, Tm for 30 seconds and
72° for 2 minute; followed by 72° for 10 minutes.

Two gene-specific primers 5 -GAGTCGTCTAGTCGTCTGGATTTGATGTGG-
3" (forward) in the 5UTR and 5 -TCGTTCGGGGAGTTTGAGACTTCCTAGTCA-3"
(reverse) in the 3°UTR, were designed and were 140-170 and 133-163 bp upstream of the
start codon and downstream of the stop codon, respectively. Using cDNA from the same
tissue, PCR was performed and a KNATI1 sequence was cloned that lacks the entire
KNOXI1 region and partial KNOX2 region. PCR mixture of 50ul volume containing
2.5uM of each dNTPs, 1X PCR buffer, 1 unit of Advantage Taq polymerase, 1uM of the
gene specific primer were used. PCR reaction was performed with conditions of 94° for 2
minutes; 40 cycles of 94° for 30 seconds, Tm for 30 seconds and 72° for 2 minutes;
followed by 72° for 10 minutes. The PCRs were performed in Eppendorf thermocycler

(Westbury, NY).

2.4.5 Semi-quantitative PCR

Pine

Using cDNA from different pine embryo stages as template, RT-PCR was
performed with two gene-specific primers for PtLKN1(HD+), PtKN1(hd-) and albumin as

control. RNA extraction and cDNA preparation are as mentioned above. Primers used
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for the analysis were 5°- AAGACGGAGGGAGGTGGATCTTCGGAGG -3° and 5°-
GTTTTCAGCCGAAGGTTCTTTCTAGCAAT-3" located 895 and 1305 bp downstream
of start codon respectively for PtKN1(+); 5-AGGGCCATGGACGATATCGAGGGAT-
3° and 5 -ACGAACACTAACCTCCCAGCGGTTT-3" located 1081 and 1302 bp
downstream of the start codon respectively for PtKNI(-) and 5°-
AGAGATTGTCTGCTTGTCGGGACT -3° and 5-
TTCTTCTTCTTCCCTTCCGCGCC-3" located 166 and 376 bp downstream of the start
codon respectively for albumin. PCR mixture of 50ul volume was prepared as mentioned
above. The cycling conditions were 94° for 2 minutes; 30 cycles for PtKN1(hd-) or 35
cycles for PtKN1(HD+) and albumin of 94° for 30 seconds, Tm for 30 seconds and 72°
for 1 minute; followed by 72° for 10 minutes.
Arabidopsis

For Arabidopsis KNATI1 and its spliced forms, and KNATM-B, RT-PCR was
performed using cDNA from Day 5 and 10 dpa seeds, rosette leaves and seedlings as
template. RNA extraction and cDNA preparation are as mentioned above. Primers used
for the analysis were 5°- CCCGGAGTTAGATCAATTCATGGAAGCATAC-3" and 5°-
AGAAAGCAACGAGAGGTTGTTATTATGTGGC-3" located 622-591 bp upstream of
stop codon and 20-51 bp downstream of start codon respectively for KNAT1(hd-); 5°-
GAGTCGTCTAGTCGTCTGGATTTGATGTGG-3" and 5-
AGCCACATAATAACAACCTCTCGTTGCTTTCTTGT-3" located  140-170  bp
upstream of the start codon and 19-54 bp downstream of stop codon respectively for
KNATI(knox-); and 5- TGGATGTGAAGAAAGATGAGAAC-3° and 5'-

TGACTCGAAGCGTATTGC-3" located at 2™ position of start codon and 100-82 bp
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upstream of stop codon, respectively, for KNATM-B. PCR mixture of 50ul volume was
prepared as mentioned above. The cycling conditions were 94° for 2 minutes; 40 cycles
for KNATI1(knox-) or 50 cycles for KNATI(hd-) of 94° for 30 seconds, Tm for 30

seconds and 72° for 0.5 - 1 minute; followed by 72° for 10 minutes.

2.4.6 Western blot analysis

Pine

Embryos from early stages 1-4, middle stages 5-8, late stages 9.2-9.3, 9.4-9.5,
9.6-9.7 and 9.8-9.9 were pooled together, homogenized and sample buffer containing
10% glycerol, 2% SDS, 5% b-mercaptoethanol was added (Iml sample buffer for 0.2 g
tissue). The samples were boiled for 5 minutes at 95° and then centrifuged at 4° for 5
minutes at 14000 rpm. The supernatant was used as protein sample for western blotting.
20ug of each sample was loaded on 4-20% SDS gel from Invitrogen (Carlsbad, CA) and
run at 200V for an hour. Transfer was done to nitrocellulose membrane overnight at 20V.
The membrane was then blotted with blocking solution (5% milk), primary antibody and
secondary antibody for an hour with two rinses and 3 washes of 15, 5 and 5 minutes in
between. Antibody synthesized using peptide in the N-terminal region of the protein
sequence that is common to PtKN1(HD+) and PtKN1(hd-) forms was used. The antibody
was synthesized by Genscript Corporation (Piscataway, NJ) and the peptide sequence
used to generate them is 15 amino acids in length. Goat anti-rabbit IgG was used as
secondary antibody. Bands were detected using NBT-BCIP color-substrate detection and
sizes were determined using Kaleidoscope precision plus protein marker from Biorad

(Herculus, CA).

Arabidopsis

77



Western blotting for KNATI and its spliced forms was performed using
commercial polyclonal antibody (Santa Cruz biotechnology, Santa Cruz, CA). KNATI
Antibody sc-19217, is raised against a 20 amino acid peptide antigen mapping between
aa# 350-400 of AAMO03027.1 (Santa Cruz Biotechnology, pers. comm K. Griffin).
KNATI1 Antibody sc-19215, which is raised against a 20 amino acid peptide antigen
mapping to the C-terminal of KNATI, between aa# 150-200 of NP_192555.1 (Santa
Cruz Biotechnology, pers.comm K. Griffin). The epitope was raised against KNATI1
protein that binds to the internal sequence. Total protein from Arabidopsis rosette leaves
and seedlings was isolated, run on SDS-page and analyzed by Western blotting the using

same protocol.

2.4.7 Quantification of sq-pcr and western blotting images

Equal amounts of PCR products were separated by gel electrophoresis and
Ethidium Bromide-stained bands were visualized. Images were collected by a
Monochrome CCD Camera (Hitachi KP-M1U). The digital images of gels for spPCR and
Western  blots  for proteins were quantified using Image]  software
(http://rsbweb.nih.gov/ij/) from NIH. The region of the band was selected across all the
lanes and was plotted. The peaks for each lane were measured and the numbers were used
to make bar charts in Microsoft excel. The background value was subtracted from the
band intensity value to get an accurate reading. For Normalization, the signal intensity of
albumin band at each stage was used; the intensity of the albumin band in one stage was
selected as the norm and the values for albumin for other stages were brought to same
level (‘100%’). The multiplication factor needed to bring albumin for that stage up to

100% was then used to multiply the values for HD+ and hd- forms for that stage. The
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normalized numbers for all the signals were then plotted. For western blotting, a
blank/smear region of the image (where there are no bands) was used as control and same

procedure was used for normalization.

2.4.8 DNA purification, Cloning and Sequencing

The PCR products were run on 1.5% agarose gel to determine their size and were
purified using QIAquick kit from Qiagen (Valencia, CA) and the resulting products were
cloned into a pGEM-T Easy vector system from Promega (Madison, WI). The product
sizes were confirmed by running colony PCR. Selected colonies were grown in bacterial
culture and plasmids were purified using the Wizard SV minprep kit from Promega

(Madison, WI), sequenced and analyzed.

2.4.9 Cloning of the Knotted1 gene

7.7 kb genomic sequence of PtKNI(HD+/hd-) gene was isolated by using a
combination of PCR and genomic walk and 50 kb genomic DNA which was obtained
from Dr. Daniel Peterson (Mississippi State University). Primers used and their positions
are shown in the supplementary data table A.1 and Figure A.5. Each PCR mixture of 50ul
volume contained 2.5uM of each dNTPs, 2uM of each primer, 1X PCR buffer and 1 unit
of Advantage cDNA PCR mix and was performed in the Eppendorf thermocycler. PCR
conditions used were 94° for 2 minutes, followed by 35-40 cycles of 95° for 30 seconds,

Tm® for 30 seconds and 68° for 2-5 minutes, followed by 68° for 10 minutes.

2.4.10 Alignments
Clustal W and BOXSHADE programs from Biology Workbench were used for

alignment and viewing. (http://workbench.sdsc.edu/). For all the supplementary figure
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alignments (shown in Appendix A), the nucleotide alignments is not shown for whole

sequence, are shown only for significant regions covering the splice.

2.4.11 Accession Numbers

The GenBank accession numbers of sequences referred to or used in alignments
in this study are: Arabidopsis KNATI mRNA - NM_116884 and KNATI1 gene -
NC_003075.4, picea abies HBK3 -AF483278, maize RS1 - NM_001111861.1, RS1
splice form that lacks partial ELK domain and the HD - DY236300.1, rice OSH1 mRNA
- D16507.1, OSHI1 spliced forms that lack partial KNOX1 domain - AK107637.1 and

NM_001057674. KNATM-B locus Id is Atlg14670.
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CHAPTER 3

PtKN1 PROMOTER ANALYSIS

3.1 Introduction

A suite of genes is required for correct embryo development, but alteration in a
single gene can have profound effects on development. Very different morphologies, life
cycles and characteristics of plants can be explained by the difference in expression of
regulatory genes which are mostly caused by mutations in promoters and enhancers
[184]. Various mutational studies have shown that plant class I KNOX genes play an
important role in regulating meristem function. Their loss or gain of function mutation
can affect overall plant height, leaf shape, meristem development and floral development.
[44, 48, 53-56, 59-68]. And therefore KNOX genes are important and could provide clues
to embryo development in gymnosperms and angiosperms.

I have cloned cDNAs corresponding to a homeobox gene, knotted1 from Loblolly
pine (referred to as PtKN1(HD+)) and in addition have found a novel form which the
lacks important domains ELK and HD (referred to as PtKN1(hd-)) (Chapter 2, Sheth and
Cairney, submitted). I have shown that both forms are product of a single PtKN1 gene
and I have shown the expression patterns of these cDNAs and their proteins over the
course of pine embryo development. Some questions important to the understanding of
the functions of PtKNI1 are, when and where is it expressed, how is its expression
regulated i.e. what transcription factors bind to regulate its activity? KNATI is a single
gene in Arabidopsis but multiple gene copies are common in pine. Are all PtKN1 genes

regulated in identical fashion or are some copies only expressed in certain tissue or at
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specific stages of development. Isolation of promoter and identification of regulatory
elements is a step towards answering these questions. In this study, I have isolated its
promoter region by genome-walking technique, (Clontech, Palo Allo, CA) and identified
the 5° end of the transcript using 5° RACE technique. I have compared PtKN1 promoter
sequence to promoters of KNATI-like genes from other species; by a method called
phylogenetic footprinting, which is comparison of conserved regions among orthologous
regulatory sequence that are thought to be of functional importance [203-206]. The
presence or absence of cis-regulatory elements in PtKN1 promoter and its orthologous
sequences, their position and number of occurrence was determined in an attempt to

understand PtKN1 regulation and function.

3.2 Materials and Methods

3.2.1 Cloning of the Knotted1 promoter

To clone the promoter region of PtKN1 gene, the genome walker kit from
Clontech (Palo Allo, CA) was used and 5° genomic walk was performed. Four genomic
libraries were made from pine genomic DNA that was cut using four different restriction
enzymes EcoRV, Dral, Pvull and Sspl and then ligated to adaptor sequences. Two gene
specific  primers 5 -TTGATCGAGTTCTGGGTCCATTCC-3° (outer) and 5°-
GCGAAGACGAGGCTTGTGCAGCTGCTGT-3" (nested) were designed in the ORF
and were located at 672-696 bp and 15-43 bp downstream of the start codon. Two rounds
of PCRs were performed using adaptor primers (AP1 or AP2) which bind to the adaptor
sequences with outer or inner gene specific primers, respectively. The genomic libraries
were used as template for 1* PCR and the products obtained were used for nested PCR.

Each PCR mixture of 50ul volume contained 2.5uM of each dNTPs, 1uM of each primer,
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1X PCR buffer and 1 unit of Advantage cDNA PCR mix. PCR conditions used were 7
cycles (for 1 PCR) or 5 cycles (for 2™ PCR) of 94° for 25 seconds followed by 72° for 4
minutes and 32 cycles (for 1** PCR) or 22 cycles (for 2™ PCR) of 94° for 25 seconds
followed by Tm for 4 minutes and additional 67° for 4 minutes after the final cycle. The
PCRs were performed in Eppendorf thermocycler. Once the product was sequenced new
primers were designed to walk further upstream to get more promoter sequence and using
same PCR reaction mix and conditions more sequence was obtained. The sequence of the
new primers are 5 - AGCCAAATAGTTAGTGTGACGTTGGT -3 (outer) and 5'-
GAAATCACTTCTCCTTCTTCTTCCA -3° (nested) and they were 197bp and 35bp

from the end of the 5" upstream sequence obtained from the 1** walk.

3.2.25 RACE

Two gene-specific primers 5-
ACTCCCTATCCTCTACTGCATGGTGATCCACTTCCTG -3° (outer) and 5°-
TCACCACCACTGCCGTTCTCGACTTCCTCCGA -3° (nested) that are specific to
PtKN1(HD+) and 5°- GCGATGAATACGAACACTAACCTCCCAGCGGTTTCCTG -
3" (outer) and 5°- CCTGTAAGCCCCTTCGACCTGGATATTTAGTACTGGG -3°
(nested) that are specific to PtKN1(hd-) were designed. The primers in order were 388-
420bp and 341-378 bp upstream of the stop codon and 343-381bp, 347-310bp
downstream of the stop codon, respectively. These outer and nested primers were used
with universal primer mix (UPM) and nested universal primer (NUP), respectively, to
perform 5’RACE to determine the TSS of the PtKN1 cDNAs. PCR mixture of 50ul
volume containing 2.5uM of each dNTPs, 1X PCR buffer, 1 unit of Advantage Taq

polymerase, 1uM of the gene-specific primer and 1 pM of the universal primer mix for
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the outer reaction or 1uM of the nested universal primer for the nested reaction were
used. 3° RACE reaction was performed with conditions of 94° for 2 minutes; 40 cycles of
94° for 30 seconds, Tm for 30 seconds and 72° for 2 minutes; followed by 72° for 10

minutes. The PCRs were performed in an Eppendorf thermocycler.

3.2.3 DNA purification, Cloning and Sequencing

The PCR products were run on 1.5% agarose gel to determine their size and were
purified using QIAquick kit from Qiagen (Valencia, CA) and the resulting products were
cloned into a pGEM-T Easy vector system from Promega (Madison, WI). The product
sizes were confirmed by running colony PCR. Selected colonies were grown in bacterial
culture and plasmids were purified using the Wizard SV minprep kit from Promega

(Madison,WI), sequenced and analyzed.

3.2.4 KNAT1-like promoter orthologs

KNATI-like orthologous promoter sequences were obtained from the NCBI
database. Upstream of the translational start site, 1488 bp of Picea glauca KN2 promoter
sequence [96], 2006bp of Arabidopsis thaliana KNATI1 promoter sequence [60], 2143 bp
of Cardamine hirsuita BP promoter sequence [207], 1820bp of Zea mays KN1 promoter
sequence [208] and 1828bp of Triticum aestivum wknoxld promoter sequence [209]

were used.

3.2.5 Comparison of PtKN1 promoter to orthologous KNAT1-like promoters
Since the TSS for PtKN1(hd-) was very close to the translational start site (see
section 3.3.2) and the TSS for all promoters was not known the comparison was made

from the translation start site. Promoters were analyzed using FOOTPRINTER [210]
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(http://genome.cs.mcgill.ca/cgi-bin/FootPrinter3.0/FootPrinterInput2.pl). This program
takes multiple sequences as input and looks for regions of functional conservation
amongst them based on phylogenetic relationship. It conducts a conserved motif search
that can be 6-12 bp long, and allows for 0-6 bp mutation in the motif. It also allows for
motif loss and also inversion. This gives liberty of finding motifs that are only present in
common amongst all sequences or are species specific but not all thus allow determining
the evolutionary distance among the KNATI1-like promoters. I searched for motif size

that were 10 bp long allowing 2 mutations in the motifs.

3.2.6 Identification of regulatory motifs from known database
With the help of a motif comparison program called STAMP, the conserved
motifs identified by footprinter were searched against PLACE database, a database of

known regulatory motifs [211, 212] (http://www.benoslab.pitt.edu/stamp/).

3.2.7 Regulatory motif search using known database

Putative cis-regulatory elements were identified in the PtKN1 promoter using
Plant-CARE (Plant cis-acting regulatory elements) [213]
(http://sphinx.rug.ac.be:8080/PlantCARE/index.html) and PLACE (A database of Plant
cis-acting regulatory DNA elements) [214] (http://www.dna.affrc.go.jp/htdocs/PLACE)
databases. A selected number of motifs found from these databases were used for
comparison of PtKN1 promoter to its orthologous promoters as mentioned above. The
presence or absence of these motifs in other KNAT1-like promoters, their position and

number of occurrence was determined.
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3.3 Results and Discussion

3.3 1 Cloning of PtKN1 gene promoter

I have isolated and characterized Knotted] transciption factor PtKN1(HD+) and its
HD-lacking spliced form, PtKN1(hd-) in loblolly pine (Chapter 2, Sheth and Cairney,
submitted). Some questions important to the understanding of the functions of PtKN1 are,
when and where is it expressed, how is its expression regulated i.e. what transcription
factors bind to regulate its activity? Isolation of promoter and identification regulatory
elements is a step towards answering these questions. I employed the genome walk
technique to isolate the promoter sequence for PtKN1 gene using primers in the ORF
(Figure 3.1A) in combination with an adapter primer (AP1 or AP2) provided with the kit.
Sixteen individual clones about ~1000bp in length were isolated (Figure 3.1B). All 16
clones were nearly identical in sequence. Taking one clone as a reference we observed
between 0 and 8 nucleotide differences over 1.0kb. These differences are random, most
likely due to sequencing error. New primers were designed at the end of this clone to
walk further upstream to get more sequence (Figure 3.1A). Eight individual overlapping
clones about ~800bp in length were isolated (Figure 3.1C). After making contig of the
sequences from both walks, a total of 1730 bp sequence upstream of the start codon was
obtained. The sequence of eight independent genomic clones representing sequence 1236
— 1669 bp upstream of the putative TSS (see section 3.3.2) were nearly identical. The
lack of sequence heterogeneity within 1,730 bp of PtKN1 promoter sequence is

consistent with a single form of PtKN1 gene.
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Figure 3.1: Promoter isolation by genomic walk.

(A) Primers locations for promoter isolation. KMR2 and K5U were used for first walk
which bind to both PtKN1(HD+) and PtKN1(hd-) transcripts. 5SGWO and SGWI were
designed at the end of new sequence obtained from 1st walk to perform 2nd walk.

PCRs were performed using genomic libraries digested with enzymes EcoRV, Dral,
Pvull and Sspl and products were run on gel.

(B) Gel picture for 1% genomic walk. Products of Sspl library were cloned and

sequenced. (HC is the human control). 16 clones with nearly identical 1000bp sequence
were obtained.

(C) Gel picture for 2" genomic walk. Products of EcoRV and Pvull libraries were

cloned and sequenced. 8 clones with nearly identical 800bp sequence were obtained.

After making contig of the sequences from both walks, a total of 1730bp sequence was
obtained upstream of the start codon.
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3.3.2 Identification of transcription start site

The TSS was determined using 5° RACE. Reverse primers that will bind only to
PtKN1(HD+) or PtKN1(hd-) form were designed based on the sequence of their cDNAs
and were used in combination with two adapter primers (UPM — outer PCR and NUP —
nested PCR) provided with the kit (Figure 3.2A). The products of outer PCR were used
as template for nested PCR. Since the products from 1* PCR were cleaner they were
cloned and sequenced. Multiple individual clones were sequenced for each form to
confirm the end of the transcript. Two different start sites were identified for
PtKNI(HD+) and a single start site was identified for PtKNI1(hd-). The TSS of 3
independent PtKN1(HD+) clones was 494 bp upstream of the translational start site and
of 2 independent clones was 343 bp upstream of the translational start site. The TSS of 4
independent PtKN1(hd-) clones was 61 bp upstream of the translational start site. The
positions of the transcriptional start site relative to the translational start site are shown on
a bar which represents the 1730bp promoter (Figure 3.2B). A TATA box at position -23
and a CAAT box at -114 were found for PtKN1(HD+) with TSS at 494 bp upstream of
start. No TATA box or CAAT box were found for PtKN1(HD+) with TSS at 343 bp
upstream of the start codon suggesting that like the TATA box lacking promoters, it may
utilize the initiator element to initiate transcription from this site. Alternatively the TSS at
position 494 would be the preferred start for PtKN1(HD+) transcript. A TATA box at
position -35 and a CAAT box at -129 were found for PtKN1(hd-) with TSS at 61 bp

upstream of start codon.
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Figure 3.2: Determine the transcription start site of PtKN1 transcripts.

(A) 5" RACE was used to determine the start site. Location of gene-specific primers
that bind to either PLKN1(HD+) or PtKN1(hd-) sequences are shown in 2A. In
combination with adaptor primers UPM and NUP which are present at the end of
transcripts, 5° RACE was performed to determine the end of HD+ and hd- transcripts.
(B) Bar represents the 1730 bp PtKN1 promoter sequence. Green star represents the
translational start site which is same for both the transcripts and is considered as position
0. A single TSS was isolated for hd- transcript and two different sites were isolated for
HD+ transcript. The pink circle represents the TSS for PtKN1(hd-) transcript which is
located 61 bp upstream of the start codon; and the purple inverted triangle represents the
TSS for PtKN1(HD+) transcript which are located 343 and 494 bp upstream of the start
site. The numbers below the bar represent their positions relative to the start codon.
TATA and CAAT boxes were identified for the hd- TSS and for the HD+ TSS at position
494, but not for the HD+ TSS at position 343. Number of triangles and circles represent
number of independent clones for that particular start site.

Recent studies on some mouse and human promoters have shown that the TSS
within core promoter varies among different tissues. This was explained to be due to
differential CpG methylation, promoter structure and impriniting that affect the
transcription machinery [215, 216]. Since the TSSs for PtKN1(HD+) and PtKN1(hd-)
are different cell or tissue specific gene regulation is a possibility. Alternative start site

usage has been shown to produce alternatively spliced products [216]. The human c-myc
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gene has two different promoters and transcripts originating from these have different
termination sites [217]. Likewise, the human MID1 gene employs multiple promoters and
multiple polyadenylation sites. The point at which transcripts are cleaved and
polyadenylated seems to be determined by which promoter was used [218]. The Human
Pur family proteins are involved in both DNA and RNA metabolism. The PURG gene is
normally expressed via a single exon gene from multiple promoters producing the
PURG-A mRNA with a 5’UTR of up to 1200 nt, an open reading frame of around 1000
nt and a 3’UTR of about 900bp. A novel mRNA, PURG-B was recently isolated that is
produced by read-through of the termination / polyadenlyation signal to produce a very
lengthy transcript from which a 30kb intron is then removed to produce a novel PURG
protein [219]. The mechanism has not been elucidated but the parallels with PtKN1 are
clear.

The production of mRNAs which have extended 5’UTRs could, in theory, be
achieved by using multiple promoters and a single cleavage/termination site. However it
has been observed that when multiple promoters are employed, termination occurs at
several sites and that initiation of transcription at one particular site will always be
followed by termination at only one of these sites. This indicates some level of regulation
proceeding from the chosen initiation site which dictates the position at which the
transcript will terminate. A further level of complexity occurs with PtKN1 where read-
through of a transcription termination signal and additional splicing of one of the mRNA
are associated with the choice of promoter The 5’UTR of PtKN1 contains binding sites
for three different SM protein/snRNP proteins involved in RNA processing (Fig 3.3A)

[220]. Commencing transcription at 494, 343 or 61 nucleotides upstream of the
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translational start site produces transcripts which contain different numbers of these
motifs. The number of mRNAs ending at each site, while a small sample, suggest that the
494 and 61 transcripts are most abundant. All the SM protein binding sites would be
present in the transcript starting at 494 nt upstream of the AUG, two would present in the
343 transcript and only the GGUUUGA motif would be present in the transcript starting
at 61 nt upstream of the AUG. The HD+ mRNA appears to commence 494 nucleotide
upstream of the AUG, thus the HD+ mRNA contains two regulatory motifs which are
absent from the 61 mRNA. This implies that HD+ mRNA may be controlled by
regulatory mechanisms which would not regulate the 61 mRNA. The inclusion of binding
sites for splicing proteins in the SUTR of the longer more extensively spliced RNA
suggests a role for the additional sequence in 494 transcripts.

Transcription termination can be effected by U-rich regions in the mRNA but
these lie normally in the 3’UTR. Coupling promoter choice to site of transcription
termination could in theory be achieved by a protein which recognizes sequences specific
to a particular promoter and can associate with RNA polymerase II. Upon transcription
(regulated by a different system?) this protein would bind to motifs in the nascent RNA
and quickly associate with the polymerase. Termination could be achieved when a
specific termination site associated with that promoter was recognized. Sequences that
are present in both promoter and termination site might be a suitable shared signals.
Intriguingly, two slightly degenerate copies of the 5’UTR SM binding sites motifs are
present within 6 nucleotides of one another in intron 3, approximately 450nt beyond the
3’end of the hd-mRNA. These intron 3 motifs are almost identical to those in the 5’UTR;

AgTTTTGTgG compared to AATTTTGTAG in the 5’UTR and tATTTTGA compared to
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GATTTTGA in the 5’UTR (Figure 3.3B). The two 5’UTR SM binding motifs are present
only in the 494 transcript which is produced by the promoter used for the HD+ mRNA.
Similarly, 343 transcripts, which produce an HD+ transcript, contain one of these motifs.
Production of HD+ mRNA requires read-through of the termination/polyadenylation
signal within exon 3. The exclusive association of these two 5’UTR motifs with the HD+
transcripts and the location, within exon 3, in a region close to the end of the hd-
transcript, of very similar motifs, links the 5’UTR to the site of transcript termination.
The role of the exon 3 motifs could be determined by mutation, removal, substitution or
alteration of spacing, in each case one could then determine the effect of these changes
upon the quantity of HD+ transcript produced.

Formation of stem-loop structure could control the HD+ or hd- formation. Once
transcription initiates at position -61 and while elongation occurs, a terminator protein
could bind the DNA and follow the RNA polymerase causing termination in the intron 3
thus producing the hd- transcript. Alternatively if transcription initiates at position -494
stem-loop structure would form in this region blocking the site for terminator protein to
bind. This would allow the RNA polymerase to continue transcribing till the end to
produce the HD+ transcript. Interestingly, the human c-myc gene has two different
promoters and transcripts originating from these have different termination sites [216].
Putative stem-loop structure formations in the promoter region were determined using

CONTRAfold software (Figure 3.3C) [221].
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(A)

>-494 to 0
GCTTTGCTGTTTTCTGGGTCGGAGACGCGGGTGCGGGTCACTGCAAGACAAGATGCTGC
AAGTGGTGGTGGTGTGTGGGTTTTGTTGTACTGGGCCAGCATGATTTTGTTCGGAGGAT
TGCACTGCAGCTGAACATTAAGACAGGCCACATGATTTTGAAAAGGAAAGGAAAAGACA
TAACGGCATCTCTGTTGGGATCCAGAATTGAGAAAGGGACGCTGGTCGGTTTCCACAAT
GAATGAATGAAGGCCACCAGTGCATATGAGACTTTCTCTTCTATTTGTAGAGGATAAGT
CGGGGATTGAAATATATGT TCGECAACAGACTGACAAGAGGAAACTTAGAGCCTATGGA
CTGCCGATGAAATGGGAGAAGTACAAGGGTCTCGAAATTTTGTAGGICCCCTCECCAAA
GAGCTGATGTCTAGGATTTTTTTCACCCAAATGCTGGCTGAATGCTGTGAAATAAATTA
AAGGTTTTGAAGAAAGTGTTTCATGARTATGGAGCGTCTGAATACAGCAGCTGCACAAG
CCTCGTCTTCGC

(B)
TCAATGAGTTTTGTGGCATAGTTATTTTGAACCATTAA

© pnny o
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Figure 3.3 Transcription start sites in the promoter region and protein binding sites
and stem-loop structures possibly involved in regulation.

(A) PtKN1 Transcription Start Sites. The three TSS used in the PtKN1 promoter are
situated 494, 343 and 61 nucleotides upstream of the translation start site. The first 10
nucleotides of each of the transcripts are in boldface and underlined. Binding sites for
three SM sites/small ribonucleoprotein (snRNP) are shown in red, blue and green. The
343 TSS corresponds exactly to the 5’end of the second SM binding site, thus the TSS of
the transcript begins GATT.

(B) Protein binding site in intron 3. The sequence shown is 440 to 447 nt end of the hd-
mRNA in intron 3.

(C) Stem-loop formation of promoter sequence. The stems of the putative ‘stem-loop’
structure highlighted in yellow box in the figure are shown in yellow with arrows below
the sequence showing their orientation. The first 10 nucleotides of the stem loop structure
84 to 94 nt upstream of the ATG are highlighted in turquoise.

3.3.3 KNAT1-like Promoter analysis by phylogenetic footprinting

Phylogenetic footprinting involves comparison of conserved regions among
orthologous regulatory sequence that are thought to be of functional importance [203-
206]. Identifying the regulatory motifs by comparing the promoter sequence of KNATI-
like genes from different species will help in identification of conserved expression
pattern [204]. Within conifers, paralogs of KNATI-like genes have been identified as
KN2, KN3 and KN4 and their divergence is suggested to have occurred before the split
between Pinus and Picea. Promoter sequence of PgKN2 (Picea glauca KN2 -
DQ259458) was found from NCBI database by blasting the PtKN1 promoter sequence. It
has been suggested that KNI and KN2 share more or less complete functional
redundancy based on their position on the same linakge group being close and significant
directional selection between them [96]. Hence, comparison of the promoter sequence of
PtKN1 and PgKN2 will be helpful in determining regions of regulatory importance. In
addition, various other promoters, such as Arabidopsis thaliana KNAT1 promoter

sequence (AJ131822) [60], Cardamine hirsuita BP promoter sequence (DQ526379)
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[207] which are dicotyledonous angiosperms Zea mays KNI promoter sequence
(AY312169) [208] Triticum aestivum wknox1d promoter sequence (AB182945) [209],
which are monocotyledonous angiosperms, were used in the analysis. Promoters were
analyzed using FOOTPRINTER [210]; http://genome.cs.mcgill.ca/cgi-
bin/FootPrinter3.0/FootPrinterInput2.pl). This program takes multiple sequences as input
and looks for regions of functional conservation amongst them based on phylogenetic
relationship. I chose the word size of ten for motif search in order to avoid too many false
positives when searching for smaller words. Two mutations were allowed in the 10bp
motif. Programs such as FOOTPRINTER identify 50 or more motifs in any given
sequence. To refine the search, I chose motifs that have been functionally characterized
in other plants and/or are responsive to signals that are know to regulate knox genes.
Several conserved regions, the regions of functional importance, were identified in these
promoters (Figure 3.4). The sequence of these motifs searched against a database PLACE
known regulatory motifs using a motif comparison program called STAMP [211, 212]
(http://www .benoslab.pitt.edu/stamp/). The similarity of these motif sequences found by
footprinter database to the cis-regulatory motifs found from PLACE database, their
sequence and function are described in table 3.1. Cis-regulatory elements such as
ethylene response element, element for endosperm expression, sugar response element,
auxin response element, light response element were found in all KNAT1-like promoters.
Cis-regulatory elements such as those found in anaerobic genes, element for root
expression and poly a signal were found in pine, picea, Arabidopsis and cardamine
KNATI1-like promoters and cis-regulatory elements such as WRKY transcription factor

binding site, ABA response element, organ specific expression element, HD-ZIP
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transcription factor binding site, pathogenesis related expression elements were found in
maize and wheat KNATI1-like promoters. Many of these motifs were also found when
searching for cis-regulatory elements in PtKN1 promoter. In general, promoters of maize
and wheat have same motifs and promoters of pine, picea, Arabidopsis and cardamine
have same motifs suggesting more promoter divergence between monocotyledonous and

dicotyledonous angiosperms.
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Figure 3.4: Promoter analysis by phylogenetic footprinting using footprinter program.

Phylogenetic footprinting involves looking for regions of functional conservation among related sequences. Promoter sequences from
KNAT]I like genes were obtained from different species. Search was performed with word size 10, allowing 2 mutations.

The motifs are discussed with the same color coding in the next table.

LP — Loblolly pine, PG — Picea glauca, AT — Arabidopsis thaliana, CH — Cardamine hirsuita, TA — Triticum asetivum, ZM — Zea
mays.
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Table 3.1: Conserved regions found by footprinter in KNAT1-like promoters could be potential regulatory motifs.
The motifs found using footprinter program were searched against PLACE database for known regulatory motifs using STAMP motif
comparison. The motif name and their function are described in the table.

Footprinter
motif PLACE motif PLACE TFBS E value Function
ATTGAAATAW | ATTGAAATAW | ERELEE4 2.23E-07 | ethylene responsive element
CTCTCTCCAA TTGGAGAGAG | CTRMCAMV35S 9.86E-08 | Can enhance gene expression
AGCCTATGRR | AGCCTATGRR | Minus284MOTIFZMSBEI | 4.04E-04 | 2R for sugar responsive expression
i consensus sequence overrepresented in
CCTTCTCCTT AAGGAGAAGG TLIATSAR 148E-05 pathogenesis related gene
TGCGCAGGAG | TGCGCAGGAG | INTRONLOWER 6.73E-05 | consensus sequence for plant intron
CWTCTCTSTT AASAGAGAWG ANAEROSCONSENSUS 4.93E-07 | motif found in anaerobic genes
GAGAGACAGT | ARFAT 2.51E-08 | auxin response factor
TSAAATATWT | TCAAATATWT | LECPLEACS2 4.68E-07 | core element in Lecp binding cis-element
TGAAGTTCTT | YREGIONNTPRBIB 3.37E-09 | required for ethylene induction
CTCTAATGAT ATCATTAGAG | HDZIP2ATATHB2 1.94E-06 | binding site of Arabidopsis homeobox gene
TTTATYTGRT AYCAAATAAA | POLASIGI 4.23E-08 | poly A signal
nial transcription repression
GGGGAAGGAG AMMORESIIUDCRNIA1 1.54E-04 (chalmydomonas
AAAAMCCAMA TELOBOXATEEF1AA1 3.62E-07 | required for expression in root primordial
AAGTTCAAAG | AAGTTCAAAG | BOXIPVCHSIS5 2.43E-07 | Involved in organ specific expression in
plant development
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Footprinter

motif PLACE motif PLACE TFBS E value Function
TGAAATAARA | TGAAATAAGW | TATABOXS 2.51E-08 | TATA box

AAAAASCAAA | AGTACSAO 1.23E-07 gl(;"fé’i\nrgepeat binding protein binding site -
CAAACCCTTT AAAGGGTTTG | ELREIPCPALI1 7.10E-10 | light responsive element
TCTAATGATA TCTAATGATA | GLUTEBOX10SGT2 1.29E-06 | for endosperm expression
GAGCTCGATC | GAGCTCGATC | NONAMERATH4 6.71E-05 | nonamer motif

CCCAAGAACT | ABREMOTIFIOSRAB16B | 3.44E-05 | required for ABRE responsiveness

uv-b and protoplastization responsive

TCTCCTTCCC GGGAAGGAGA L1IDCPALL1 5.96E-07 element
CACCTCAAGC | GCTTGAGGTG | SBOXATRBCS 1.13E-07 | sugar and ABA responsive element
GATTTGACCT AGGTCAAATC | WBBOXPCWRKY1 1.11E-08 | WRKY protein binding site
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3.3.4 In silico PtKN1 promoter analysis - Several cis-regulatory elements are found
in KNAT1-like promoters

Putative cis-regulatory elements that could play a role in regulation of the PtKN1
gene were identified by bioinformatics approaches using Plant-CARE [213]
(http://sphinx.rug.ac.be:8080/PlantCARE/index.html) and PLACE [214]
(http://www.dna.affrc.go.jp/htdocs/PLACE) databases. The cis-regulatory elements found
in PtKN1 promoter sequence and their functions are described in table 3.2 and table 3.3
for PLACE and PLANTCARE database respectively. Several cis-regulatory elements
involved in light response, response to several hormones, several transcription factor
binding sites, organ specific expression elements etc. were found in PtKN1 the promoter.
Since a number of false positive motifs are generated in the analysis, phylogenetic
footprinting was performed to eliminate them. I chose a few to compare them to the other
KNATI-like promoters mentioned above. Individual KNATI1-like promoter sequences
were searched for the presence of these motifs; the presence or absence of these motifs in
other KNAT1-like promoters, their position and number of occurrence was determined in
an attempt to understand PtKN1 regulation and function. I made bar diagrams with those
regulatory elements marked at their position relative to the length of promoter (Figure
3.5). The sequence and function of the motifs and the color codes used are described in

table 3.5.
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Table 3.2: Regulatory motifs found in PtKN1 promoter using PLACE database.

Several cis acting regulatory motifs and transcription factor binding sites were found in PtKN1 promoter when the sequence was

searched against PLACE database. Their sequence and function are described in the table.

Motif name Motif sequence Function

Place

CGCGBOXAT VCGCGB recognized by signal-responsive genes
ASFIMOTIFCAMYVY TGACG F;;Efﬁg?m stress/auxin/Salicylic acid/Light induced
WRKY710S TGAC transcriptional repression of GA signaling pathway
SV40COREENHAN GTGGWWHG SV40 core enhancer

PRECONSCRHSP70A SCGAYNR(N)15D | plastid response element in hsp promoters
ABRELATERDI1 ACGTG ABRE sequence required for induced expression of erdl
ACGTOSGLUBI GTACGTG endosperm specific expression

ACGTATERDI1 ACGT Etiolation-induced expression of erd1
CURECORECR GTAC copper response element

EBOXBNNAPA CANNTG bHLH factor binding site

MYCCONSENSUSAT CANNTG myc TF binding site in response to dehydration
CACGTGMOTIF CACGTG light induced regulation (G box)
RHERPATEXPA7 KCACGW root hair-specific regulatory element
GTGANTGI10 GTGA pollen specific expression

AMYBOX1 TAACARA GA responsive element

GARE1OSREP1 TAACAGA GA responsive element

ARRIAT NGATT binding site for cytokinin-regulated TF

POLASIGI1 AATAAA polyadenylation signal

CACTFTPPCALl YACT mesophyll-specific gene expression
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Motif name Motif sequence Function

DOFCOREZM AAAG binding site for Dof proteins

SORLIP1AT GCCAC light induced regulation

TATABOXS TTATTT TATA box

GT1CONSENSUS GRWAAW light induced regulation

EECCRCAHI1 GANTTNC (enhancer element) CO2 responsive, myb TF binding site
CIACADIANLELHC CAANNNNATC circadian control of gene expression
TBOXATGAPB ACTTTG light induced regulation

WBOXNTERF3 TGACY transcriptional repression in response to wounding
SITENATCYTC TGGGCY meristem and anther specific expression
SORLIP2AT GGGCC light induced regulation

CAATBOX1 CAAT CAAT box

MYCATRD22 CACATG myc TF binding site in response to dehydration
MYCATERDI1 CATGTG myc TF binding site in necessary for erd1 expression
PYRIMIDINEBOXOSRAMY 1A CCTTTT pyrimidine box - GA induced response
MYBCOREATCYCBI AACGG myb TF binding site

RAVI1AAT CAACA RAV1 TF binding site

INRNTPSADB YTCANTYY initiator element

CATATGGMSAUR CATATG auxin response element

NODCON2GM CTCTT nodulin consensus sequence
OSE2ROOTNODULE CTCTT organ specific expression

ROOTMOTIFTAPOX1 ATATT root specific expression

GT1GMSCAM4 GAAAAA pathogen and salt induced gene expression
ANAERO2CONSENSUS AGCAGC motif found in anerobic gene
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Table 3.3: Regulatory motifs found in PtKN1 promoter using PLANTCARE database.

Several cis acting regulatory motifs and transcription factor binding sites were found in PtKN1 promoter when the sequence was

searched against PLANTCARE database. Their sequence and function are described in the table.

Motif name Motif sequence Function
PlantCARE
cis acting regulatory element related to meristem specific
CCGTCC box CCGTCC o
activation
ABRE TACGTG, CACGTG | Abscisic acid response element
ARE TGGTTT cis acting regulatory element essential for anaerobic induction
CGTCA motif CGTCA MelJA responsiveness
G box CACGTA, TACGTG | cis acting regulatory element involved in light responsiveness
GC motif CCCCCG enhancer-like element involved in anoxic specific inducibility
GCN4 motif TGTGTCA cis-regulatory element involved in endosperm expression
I box GATATGG part of a light responsive element
Sknl mofif GTCAT cis—actir}g regulatory element required for endosperm
expression
Unnamed 1, 3 CGTGG not known
Unnamed 4 CTCC not known
AAGAA motif GAAAGAA not known
GATA motif AAGAATAAGG part of a light responsive element
GC motif CCCCCG enhancer-like element involved in anoxic specific inducibility
TCA element AAGAAGAATAA cis-acting element involved in salicylic acid responsiveness
Unnamed 2 CCCCGG not known
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Motif name Motif sequence Function

BoxI TTTCAAA light responsiveness

ERE ATTTCAAA ethylene responsive element

GARE motif TCTGTTG GA responsive element

MBS TAACTG MYB binding site involved in drought inducibility

02-site GATGAAATGG cis—actipg regulatory element involved in zein metabolism
regulation

TC-rich repeats ATTTTTTTICA 01s—actlr}g element involved in defense and stress
responsiveness

GT1 motif GGTTAA light responsive element
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Figure 3.5: Regulatory motif search in KNAT1-like promoters from different
species.
KNATI-like promoter sequences from different species as mentioned in text were used in
the analysis and of regulatory motifs were searched for using PLACE and PLANTCARE
databases. The presence and position and number of occurrence of a selected number of
motifs described in table 3.3 were determined in the promoters.

Motif Function
BIHDOS1 BELL HD transcription factor binding site
ABRE Abscissic acid response element
. GARE GA responsive element
ARE Cis-acting regulatory element essential for anaerobic expression

Pyrimidine box

GA induced response

GAG

Part of light responsive element

SORLIP1AT

Light induced regulation

ASF1MOTIFCAMV

Biotic / Abiotic stress / Auxin/Salicylic acid / Light induced regulation

ATG

Start codon

Table 3.4: Regulatory motifs found in KNAT1-like promoters.
The colored boxes in Figure 3.4 are described in this table.
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3.3.4.1 BIHDI1OS site (TGTCA)

OsBIHD1 is a rice BELL HD transcription factor and is been shown to bind
TGTCA sequence which is the characteristic cis-element DNA sequence of the HD
transcription factor [222]. It is known that dimerization of BELL and KNOX is required
for their function. It is possible that expression of some KNOX genes may be regulated
by BELL transcription factors; and then upon activation when KNOX proteins are
formed they dimerize with the same or different BELL proteins to regulate the expression
of target gene. Two to four TGTCA binding sites were found in all the KNATI1-like
promoters used in this study, except for in wheat wknox1. It is possible that the element
is present in further upstream in the wknoxl promoter or it has some change in the
binding site which is not recognized in the analysis.

3.3.4.2 ABRE (Abscisic acid response element;: TACGTG, CACGTG)

ABRE is a cis-acting elements function in ABA-responsive gene expression under
water-stress and seed desiccation conditions. ABA activates bZIP proteins to bind to
ABRE sites and initiate transcription of ABA-inducible genes [223]. Under the influence
of ABA, MYC and MYB transcription factors which are bZIP family proteins, activate
transcription of dehydration responsive gene [224]. ABA levels in plants are also shown
to be regulated by knox genes [153]; and in addition, AS1 (asymmetric leavesl) is a
MYB encoding protein and has been shown to down regulate the expression of class I
knox genes [225]. This suggests a possibility of cross-talk between ABA, KNOXI1 genes
and MYB transcription factor in order to regulate developmental changes. Thus the

presence of ABRE motif in 5° flanking sequence of PtKN1 gene is consistent with these
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results. ABRE motif was found only in pine, picea and maize KNAT1-like promoters but
not the others.

3.3.4.3 GARE (gibberellin responsive element; TAACAGA, TAACAAA, CAACAGA,

TCTGTTG)

Antagonistic relationship between GA and KNOX genes has been observed in
previous research. KNOX genes STM and KNAT1 have been shown to down-regulate
the expression of a GA synthesis gene GA 20-oxidase [159]. When KNOX activity
increases GA signaling is reduced, and when knox activity decreases GA signaling is
increased. This relationship between GA and knox gene has been observed in
Arabidopsis and tomato [207], rice [153] and tobacco [156, 157] and is important for
meristem function. The presence of GARE motif in 5° flanking sequence of the KNAT]I-
like promoters is consistent with the relationship between GA and KNAT1-like.

3.3.4.4 ASFIMOTIFCAMYV (TGACG)

In response to auxin, salicylic acid or light promoter of genes containing TGACG
elements are known to activate transcription of several genes. The presence of regulatory
element that responds to auxin suggests a relationship between auxin and knox gene
expression. Antagonistic relationship between auxin and KNOX genes has been observed
when auxin transport was inhibited in tomato shoot apex and it caused expression of a
knox gene LeT6 to highly increase [152]. Overexpression of rice oshl gene in tobacco
causes a decrease in levels of auxin [153]. STM mutants show visible phenotypes due to
ectopic auxin accumulation [57, 58]. Thus the presence of an auxin responsive motif in 5°
flanking sequence of all the KNAT1-like promoters in this study indicates that a similar

relationship between auxin and PtKN1 may exist.
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3.3.4.4 Light responsive regulatory elements

Various light response elements are found in the KNATI1-like promoters. I have

included SORLIPIAT (GCCAC) (Sequence over-represented in light-induced promoters)

[226] which is present in all KNATI-like promoters in this study and GAG motif
(CATCTC) [227] which is present in pine, spruce, wheat and maize KNATI-like
promoters but absent from Arabidopsis and cardamine KNATI1-like promoters in our
analysis. Expression of knox gene is affected by light; KNAT]1 expression in light grown
seedlings is less compared to dark grown seedlings. This is observed for KNAT2 as well,
though to a lesser extent [60]. Many different types of light motifs are found in plant
promoters. Since the GAG motif is absent from Arabidopsis and cardamine KNAT1-like
promoters it is possible that other light motifs may be used in these promoters instead of
the GAG motif. For example AF1 light response elements is found in Arabidopsis and
cardamine KNAT1-like promoters [228].

3.3.4.5 Pyrimidine box

The pyrimidine box acts co-operatively with the GA response element and forms
a GARC (giberrellin-responsive complex) to give high level of GA regulated response
[229]. In addition, pyrimidine box and GARE have also been shown to be partially
involved in sugar repression [230] . GARE and pyrimidine box are located close to each
other in GA-responsive promoter [231]. Multiple GARE and pyrimidine boxes are found
in the KNATI1-like promoters in this study, and the positions of one of each of these
regulatory motifs to the other is close suggesting those motifs are most likely to be

involved in GA related response.
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3.3.4.5 ARE (Cis-regulatory element essential for anaerobic expression)

ARE was found in promoters of all KNAT1-like genes in this study, but KNAT1-
like gene has not been shown to be involved in anaerobic response. The only knox gene
shown to be involved in anaerobic response is KNAT4; its expression was found to be
reduced under anaerobic conditions [232]. Only one ARE was found in each promoter
except for cardamine which has 2 AREs but are at a distance of 94 bp. Experiments with
maize Adhl gene which responds to anaerobic conditions have shown that 2 AREs are
required in proximity to give anaerobic response and their orientation is also important
[233, 234]. Therefore the presence of ARE element in KNAT1-like promoter may not be
significant to its regulation or function.

Finding the same cis-regulatory elements in the KNATI-like promoters from
gymnosperm and angiosperm genes and from different databases gives confidence to
believe that these cis-regulatory elements are present in the PtKN1 promoters and are
involved in PtKN1 regulation. This study provides the base to conduct experiments in
future to confirm the presence and regulatory roles of these cis-regulatory elements in
PtKN1 promoter and suggests that KNAT1-like promoters are evolutionarily conserved

in gymnosperms and angiosperms.
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CHAPTER 4

CONCLUSION

I have isolated Knotted1 transcription factor from Loblolly pine (PtKN1(HD+)).
By sequence similarity PtKN1 belongs to a family of KNAT1-like genes which are class
I KNOX genes, identified in several plants and known to play a significant role in SAM
development and maintenance [34, 117]. Like the members of KNOX family,
PtKN1(HD+) has conserved regions such as the KNOX1 domain which is involved in
suppression of its target gene [98], the KNOX2 which is involved in dimerization and has
transactivation activities [99], the ELK domain might be involved in protein-protein
interaction [34, 98, 99, 106] or it may act as transcriptional repressor [98], and the HD
which is a DNA binding domain [73]. In addition I also isolated a novel form PtKN1(hd-
) that lacks important domains ELK and HD. I have shown that both forms can express
protein. My results from RT-PCR and western blotting over different stages of pine
embryo development show that the PtKN1(HD+) and PtKN1(hd-) mRNAs and proteins
are developmentally regulated. The semi-quantitative PCR and Western blotting
procedures were repeated several times using similar or different conditions and the
similar data was obtained suggesting that the results presented are reliable. Real-time
PCR can be performed to confirm the results of the semi-quantitative PCR and with
added advantage of providing statistical data.

By using a combination of PCRs and genomic walks, I have isolated several
overlapping clones spanning almost entire length of PtKN1 gene. In addition several

overlapping genomic sequences in intron 3 region were found from NCBI database. 5°
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and 3" end contigs were made using the isolated and database sequences which were
5751 and 1943 bp in length respectively (Figure A.5 in appendix A). A total of 7.7kb
PtKN1 gene sequence was obtained of which 4.8 kb was intron 3. The intron 3 sequence
is the largest part of knox genes; 5kb in maize (Zea mays), 5.5kb in rice (Oryza sativa)
and over 4 kb for KNAT2 in Arabidopsis [60, 90, 193] suggesting that the intron 3
sequence of PtKN1 gene is almost complete. A small portion of intron 3 remains to be
cloned.

The PtKN1 gene sequence that has been obtained suggests that PtKN1(HD+) and
PtKN1(hd-) mRNAs have been produced by alternative processing of a single gene. Like
the genes of KNOX family, PtKN1 gene has 5 exons and 4 introns the exon 1, intron 1
and exon 2 regions are common for both forms. The beginning of intron 3 is the region
that codes for the (hd-) specific mRNA sequence i.e. the 3° ORF region and the 3° UTR.
The exon 4 and exon 5 regions code for the (HD+) specific mRNA sequence i.e. the ELK
and HD regions and the 3°UTR. Even though the available sequence suggests that there is
a single PtKN1 gene, the possibility that Pt(KN1(HD+) and PtKN1(hd-) are separate
genes of a gene family cannot be ruled out because of the gap in intron 3 region which
remains to be cloned. However, complete cloning of a contiguous genomic sequence
which encodes both HD+ and hd- sequences in a single gene would not rule out the
possibility of a second hd- gene somewhere in the very large and complex loblolly pine
genome. But the following experimental findings lead to the same suggestion that PtKN1
gene has a single structure in the loblolly pine genome.

1) Twenty nine independently isolated PtKN1 cDNAs were nearly identical in

sequence, with a minimum of zero to a maximum of eight nucleotide differences over
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their length. Ten out of twenty nine PtKN1(HD+) sequences have G instead of C at
position 118 (Supplementary Data Figure A.14); T instead of A at position 310
(Supplementary Data Figure A.15) and thirteen PtKN1(HD+) sequences have T instead
of C at position 579 downstream of the start codon (Supplementary Data Figure A.16)
suggesting that these are alleles. Five PtKN1(hd-) cDNAs were nearly identical to one
another and to the overlapping regions of the PtKN1(HD+) cDNAs. Nucleotide
differences are few and random, suggesting that these may be sequencing errors.

2) Eleven PtKN1(hd-) genomic clones covering exon 1 through the proximal end of
intron 3 showed 99.6% identity (1 to 9 nucleotide random differences over 2090 bp). The
exonic regions of these clones show 100% nucleotide identity with (HD+) and 100%
nucleotide identity with (hd-) cDNAs.

3) Restriction enzyme digestion patterns for fourteen independent genomic clones of
the region from the 5"UTR to exon 2 were identical; similarly fourteen independent
clones of the region covering exon 4, intron 4 and exon 5 show identical digestion
patterns (Figure 2.6). Clones 8 and 14 in Figure 2.6B and Figure 2.6C and clone 10 in
Figure 2.8E and 2.8F show a different pattern of cutting but they are consistent with the
same gene structure, the insert being in opposite orientation in the vector.

4) Sixteen independent genomic clones containing approximately 945 bp of the
PtKN1 promoter were generated from a region within the open reading frame that is
common to both types of transcript. The sequences were identical, containing between
zero and eight random nucleotide differences over their length. Eight additional
independent genomic clones which extended the region to 1670bp beyond the TSS were

identical in sequence.
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As described above, the identity among the cDNA and genomic sequences of
PtKN1(HD+) and PtKN1(hd-) is very high when compared to what the identity among
genes seen in many gene families in plants. This identity extends to the intronic regions
which are also identical among genomic clones. Overall, these data argue for the PtKN1
gene is present in a single copy, and that both types of transcripts are produced by this
one gene, rather than being produce by several distinct genes whose structure reflect.
The sequence similarity among PtKNI1 clones is far greater than is observed among
different members of gene families. For example the Adh gene family in Pinus banksiana
has seven genes which show identity of 75.4% to 98.7% in the exonic regions. The sizes
of their introns differ due to direct or invert repeat regions and further their 3>UTRs show
a huge sequence divergence; too great to permit construction of any meaningful
alignment [235]. The HSP100 gene family in Arabidopsis thaliana has seven genes
which show identity of 21% to 70% [236]; and in rice has five genes which show identity
of 32% to 48% [237] in exonic regions. The examples given above indicate that the
nucleotide sequence similarities among different members of gene families are usually
confined to the exonic regions or to particular domains. Gene regions which do not
encode functional domains vary considerably. Strong sequence conservation is more
usually observed at the amino acid level. Exons and regions corresponding to
untranslated regions of the mRNA, are under much less selective pressure. When
homologous genes are compared, greater differences in nucleotide sequence are seen in
the comparable introns, than are seen in the comparable exon regions. In the light of these
data, the sequence identity along the entire length of cDNA and genomic clones is most

plausibly explained by a model where PtKN1 is a single gene which produces both

113



PtKNI1(HD+) and PtKN1(hd-) mRNA forms by alternative processing of the primary
transcript.

The structure of the gene indicates that the PtKN1(hd-) mRNA could be produced
by splicing of the first two introns followed by cleavage-polyadenylation or termination
of the primary transcript within intron 3 [196, 238, 239]. If a strong termination signal is
present in intron 3, then the transcription machinery would never be able to go beyond
the termination point to produce the pre-mRNA including the HD+ specific coding
sequences and hence PtKNI1(HD+) transcript would never be produced. Therefore
presence of a strong termination signal is ruled out. Alternatively if a weak termination
signal is present at the end of PtKN1(hd-) transcript coding region the in intron 3, then
the hd- transcript could be produced by pause dependent termination in intron 3 [240].
Motif search against the UTRscan database [241] (http://www.ba.itb.cnr.it/UTR/), in the
intron 3 region did not show presence of any polyadenylation or termination signal. But
this does not rule out the possibility of a polyadenylation or termination use to produce
the hd- transcript since the databases of regulatory motifs may not be complete due to the
lack of complete genome sequencing for many eukaryotic species.

I identified the two potential transcriptional start sites in the PtKN1 gene by using
5’-RACE to map the 5’-end of mRNAs. By using a transcript-specific primer I
distinguished the transcriptional start sites of the HD+ and hd- transcripts and
demonstrated that all HD+ mRNAs were transcribed for the 5 promoter, producing an
mRNA which began 494 nt upstream of the ATG, while all the hd- mRNAs were
transcribed from a point 61nt upstream of the ATG. Regulatory mechanism involving

transcription factors could control the formation of HD+ and hd-. Activation of a certain
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transcription factor or protein and their binding in the region promoter and intron 3 region
could result in formation of hd- transcript. Binding in the -494 to -61 region would block
the polymerase binding site for HD+ transcript. Binding in the intron 3 region would
block the RNA polymerase machinery to move further and terminate the transcript hence
producing the hd- form. Alternatively if the transcription factor binding sites are not
occupied the RNA polymerase would bind the initiation site for HD+ and continue to
transcribe till the end to produce the HD+ transcript.

Most interestingly I report the presence of three sequences within the 5’UTR to
which have the consensus sequence of binding sites for SM protein/snRNP proteins
involved in RNA processing. All three motifs are present in a transcript starting 494 nt
upstream of the AUG but the transcript starting 61 nt upstream has only one motif. The
distribution of the motifs may have some regulatory significance for the two mRNAs.
Subsequently I identified two motifs which are almost identical to the motifs found only
in the 5’UTR of the 494 transcript, located only 6 nucleotides apart in intron3. The intron
3 motifs are located only 450bp downstream of the end of the hd- mRNA. The exclusive
association of two 5’UTR binding motifs for SM proteins with the HD+ transcript and
the location, within exon 3, in a region close to the end of the hd- transcript, of very
similar motifs, links the 5’UTR to the site of transcript termination. A regulatory
mechanism could thus be envisioned whereby proteins which recognize particular 5’UTR
motifs will also be able to recognize essentially the same motifs in intron 3 at a point
where transcription termination or cleavage-polyadenylation occurs. Binding of these
proteins at this point would in some fashion prevent transcription termination and the

RNA polymerase would continue transcribing the gene and would produce a transcript

115



which would ultimately be processed to produce HD+ mRNA. This evidence for this
mechanism is at best circumstantial; however it does, for the first time, present a
plausible mechanism by which transcripts initiated from a particular promoter could
identify a particular terminations site. The hypothesis is readily accessible to
experimental verification and certainly seems worth examining.

I have isolated a spliced form of KNATI in Arabidopsis which lacks ELK and
HD. This spliced form is only expressed in Arabidopsis seeds 5 day after fertilization and
rosette leaf tissue, but is absent in Arabidopsis seeds 10 day after fertilization and
seedling tissue. The expression of HD spliced KNATI mRNA is very low compared to
the full length KNAT1 mRNA. Our results from Western blotting show that this form
expresses protein and consistent with the mRNA expression I also see KNAT1(hd-)
protein expression only in rosette leaf but not in seedling tissue. I have isolated spliced
form of KNAT1 in Arabidopsis which lacks MEINOX encoding sequence. This spliced
form is expressed in Arabidopsis seeds 5 and 10 day after fertilization and in seedling
tissue and the level of expression is very low compared to the expression of the full
length KNATI1. My results from Western blotting show that this form expresses protein
and consistent with the mRNA expression I also see KNAT1(knox-) protein expression
only in seedling but not in rosette leaf tissue. The fact that the expression pattern of
KNATI1(hd-) and KNATI(knox-) is different suggests different forms of KNATI1
regulation. By database search, I have identified spliced forms lacking HD and MEINOX
regions in monocots such as maize and rice respectively. I have identified a splice form

of maize gene rough sheathl (rs1) mRNA which lacks ELK/HD encoding regions and a
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splice form of rice OSH1 mRNA which removes some of the MEINOX encoding
sequences for rice OSHI1.

Based on what is known about the role of conserved regions of KNOX proteins, I
suggest that the HD or MEINOX spliced forms may act as important regulators of knox
gene function. Any protein-protein interaction possible through the ELK domain will be
lost and without the HD the hd- form will not be able to recognize and bind DNA or
localize to the nucleus. This implies that the hd- protein may function cytoplasmically,
perhaps pairing with proteins thereby preventing their import into the nucleus.
Alternatively, hd- protein could function in the nucleus by acting as a dominant negative
regulator of the HD+ form by competing with its NLS containing KNOX or BELL
interacting partner. KNAT1(knox-) may not be able dimerize with other protein; but they
may be able to bind DNA with low affinity as a monomer [201], thus blocking the sites
for KNOX homo or hetero dimers to bind and function.

I have isolated the promoter region of PtKN1 gene, 1730 bp upstream of the start
codon. The TSS of PtKN1(hd-) is 61 bp upstream of the start codon. PtKN1(HD+) has 2
different TSSs which are 343 and 494 bp upstream of the start codon. The different TSS
in the same promoter region suggests a possibility of cell or tissue specific gene
regulation [215, 216]. Since the TSSs for PtKN1(HD+) and PtKN1(hd-) transcripts are
different, it is likely that the choice of the TSS determines which form will be produced
[216]. Interestingly, the human c-myc gene has two different promoters and transcripts
originating from these have different termination sites [216]. I performed in silico
analysis of the promoter sequence by employing phylogenetic foot printing. I looked for

regions of functional conservation in orthologous KNAT1-like promoters and found cis-
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regulatory elements which could possibly regulate the expression of PtKN1 gene. I found
several cis-regulatory elements such as hormone response elements, transcription factor
binding site, organ specific expression motifs which have been previously shown to be
related to KNOX1 gene regulation. This suggests that the regulatory mechanisms that

control KNOX genes expression in angiosperms are also present in gymnosperms.
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CHAPTER 5

FUTURE DIRECTIONS

Having completed isolation and an initial molecular characterization of PtKN1
forms it is important to determine their functions. One approach would be to make
transgenic Arabidopsis plants over-expressing PtKN1(HD+) and PtKN1(hd-) forms to
determine their function. The ease of transformation and the availability of mutants make
Arabidopsis an attractive host plant for a series of analyses. When HBK3 (Norway spruce
Knox (HD+)) was expressed in Arabidopsis several phenotypes observed resembled
those produced by overexpressing KNATI, however a number of post embryonic
phenotypes were observed such as lobed rosette leaves and dwarf phenotypes,
characteristics that were not observed for spruce [71]. Markel et al. (2002) deleted
different regions of the Arabidopsis KNOX protein, STM, and performed functional
studies in transgenic plants. Overexpression of a KNOX protein with ELK and HD
regions deleted would be similar to overexpressing a HD-lacking protein. When the
MEINOX domains of either STM or KNATI1 were overexpressed in Arabidopsis, stm or
knatl loss-of-function phenotypes such as elongated internode and reduced leaf size were
observed. These results were suggested to be due to squelching mechanism, which
depletes the wild-type protein from its interacting partners [242]. Overexpression of a
HD-lacking protein KNATM-B in Arabidopsis under the influence of an inducible
promoter, causes late flowering and formation of elongated petiole and serration in leaves
[113]. The experiments of Markel et al. (2002) and Magnani and Hake (2008) examined

the effects of fragments of KNAT1 which in many respects resemble the hd- proteins that
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we wish to investigate. These results indicate likely phenotypes arising from
overexpression of hd- proteins.

If the constitutive overexpression of PtKN1(hd-) mRNA is fatal, no transformants
would be obtained. In that case, hd- could be put under the control of an inducible
promoter such as nopaline synthase which is inducible by auxin [243]. The roles of the
hd- transcript at different times of development could be investigated by inducing
expression at different times during development and observing the range of phenotypes
that are generated. Following induction, tissue can be collected and changes in gene
expression observed using microarray. The PtKN1 clone could be cloned downstream of
the cauliflower mosaic virus 35S promoter and the construct be then introduced into the
Agrobacterium tumefaciens. The resulting Agrobacterium strain can be transformed into
Arabidopsis by floral dip method; by dipping the Arabidopsis plant in Agrobacterium that
are suspended in a solution containing a sugar and a surfactant [244]. Transformants can
be selected on kanamycin and the phenotypes of plants grown can be studied.
Transformants can be obtained at a higher rate by the dipping method than by the original
infiltration protocol used for Agrobacterium transformation which is labor-intensive
[245]. In an attempt to understand role of PtKN1(hd-) during embryogenesis, it can be
overexpressed in loblolly pine embryos. Overexpressing hd- in pine embryos may
produce embryos which look normal or are slightly misshapen or very misshapen or fail
to complete development or germinate poorly or produce stunted plants or a range of
other things. The large sizes of loblolly pine embryo facilitate molecular studies in pine

which are difficult in Arabidopsis embryos [28, 246]. Transformation of mature pine
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zygotic embryos using Agrobacterium [247] and particle bombardment [248] have been
successfully used and reported.

To show loss of function phenotypes of hd- form, antisense or siRNA constructs
can be created and used against hd- mRNA. Antisense construct for PtKN1(hd-) can be
made and placed downstream from a ubiquitin promoter. PtKN1(hd-) in sense orientation
can be used as control. A region specific the PtKN1(hd-) can be selected and amplified in
PCR using primers with restriction sites at the ends. The amplified products can then be
ligated into a vector with same restriction ends and downstream from an ubiquitin
promoter. A 21 nt region specific to PtKN1(hd-) and starting with AA should be selected
to be the target sequence for siRNA construct. Oligonucleotides in sense and antisense
orientation in hairpin structure can be ordered from ambion (Austin, TX). The
hairpinRNA can be cloned into a pHELLSGATE vector, under the control of pOp6
promoter and synthetic transcription factor LhGR. This vector system is dexamethasone-
inducible [249]. The vector construct can be transformed into pine using particle gene
gun. The gold particles used for transformation can be coated with sense or antisense
PtKN1(hd-) plasmid constructs. The transformants can be selected for a resistance gene
under the control of ubiquitin promoter. Such constructs under control of ubiquitin
promoters have been successfully transformed by particle bombardment into spruce
embryos [250]. Once the transformants are selected, the embryonic growth and
morphology can be examined. Antisense constructs have been made and expressed
successfully in Norway spruce somatic embryos and morphological differences have

been observed [71].
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Two HD lacking KNOX isoforms have been reported in angiosperms; KNATM
gene in Arabidopsis [113] and PTS gene in tomato [251]. Both are separate genes lacking
HD sequences, and are not expressed from spliced mRNAs produced by a gene which
contains HD sequences. The work described in my dissertation is the first report of
KNATI-like mRNA and protein lacking HD or MEINOX domains produced through
alternative spliced products of the same gene. Future research to isolate and characterize
such hd- and knox- forms from different plant species is important to understand its
function and evolution. Comparison of sequences of HD lacking mRNAs and proteins,
and the gene structures may provide information about when the form originated during
evolution. Database search can be performed to find the sequence for hd- and knox-
forms in other plants. Spliced forms of some species may have excise the exact same HD
or KNOX sequence as seen for KNATI1(hd-), RS(hd-) and KNAT1(knox-) however
variations where domains are partially removed are also possible. Spliced forms of some
other species (gymnosperms) may have a small region of unique sequence that is not seen
in the canonical form as in case of PtKN1(hd-) form. Because of such differences, any
sequences obtained through database search will be of great help in actual isolation of the
clone from that species. In case of spliced forms like KNAT1(hd-) which does not have
any unique sequence, PCR with two gene-specific primers can be used to isolate the hd-
cDNA. In case of spliced forms like PtKN1(hd-) which has a unique sequence at the 3"
end, 3’RACE PCR will be a good way to isolate the hd- cDNA. Use of two gene-specific
primers has an advantage of specificity over the use of one gene-specific primer and an
adapter primer in RACE reaction; because of the unique region at 3° end, the former

method is not helpful.
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The 3" end of PtKN1(hd-) mRNA codes for 39 amino acid which are unique to
the hd- protein. Whether or not the 39 amino acid region has any function can only be
determined experimentally by expressing a PtKN1(hd-) protein that lacks this region. In
order to express such protein, PtKN1(hd-) cDNA needs to be amplified in PCR in such a
way that the C-terminal region coding for the unique 39 amino acids is not included. The
primers for the PCR can be designed such that they have restriction sites at the ends and
can be cloned directly in correct orientation in expression plasmid (such as pET-28 from
Novagen, San Diego, CA). Once the plasmid is prepared it can be introduced into the
Agrobacterium tumefaciens and transformed into Arabidopsis using same protocol as
described earlier in this chapter. If the region including the 39 amino acids is a conserved
and has function, phenotypes will be observed due to its overexpression. In future when
more PtKN1(hd-)-like clones will be available from several plants; phylogenetic analysis
by doing sequence comparison may provide some information about the conservation of
this unique region and shed light on its function.

I have shown in this study that both the PtKN1 forms are translated. The next
question that arises is to determine what proteins interact with the PtKN1(HD+) and
PtKN1(hd-) forms. In-vitro pull down assay or yeast two hybrid assays can be used to
determine the interacting proteins. Pull-down assays have been used successfully to
determine interaction of rice protein OSH15 with other KNOX proteins [98]. Yeast two
hybrid assay has been used successfully to show interaction of HD+ KNOX and BELL
proteins [93, 100-102, 104, 105, 125] and interaction of HD-lacking KNOX protein
KNATM-B and its isoforms with BELL proteins and other KNOX proteins [113].

PtKN1(hd-) protein can be used as bait and BELL proteins known to interact with KNOX
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proteins as prey in yeast two hybrid assays; and the strength of interaction can be
assessed using reporter gene such as lacZ. Using appropriate vector (such as pGEX from
Amersham Biotech, Piscataway, NJ), fusion proteins between glutathione S-transferase
(GST) and PtKN1(Hd+) or PtKNI(hd-) proteins can be generated. The GST-
PtKN1(HD+) or GST-PtKN1(hd-) will serve as bait and total protein isolated from pine
embryos containing interaction target proteins as prey. Glutathione agarose beads can
then be used to capture the GST-tagged PtKN1(HD+) or GST-PtKN1(hd-) fusion protein
with their interaction partner. The advantage of pull-down assay is that the target protein
does not need to be known, and therefore new protein partners if any for the PtKN1(hd-)
protein can be determined.

My RT-PCR analysis shows that both the PtKN1 forms are expressed at all stages
of embryo development. It has been known from previous studies that knox genes are
involved in meristem formation and maintenance of its function. The next question that
arises therefore is whether PtKN1 shows same expression pattern. A closer look at
expression in different tissues can be gained by dissecting embryos into different regions
such as shoot, hypocotyl and root regions will help locate the exact regions of
PtKN1(HD+) and PtKN1(hd-) expression. More specific tissue expression can be viewed
by in situ hybridization using probes specific to hd- regions. Careful designing will be
required to create HD+ and hd- specific probes. Since the 3° ORF and 3"UTR of hd-
mRNA are unique, probe can be generated in that region and it will be hd- specific. The
3" ORF sequence of PtKN1(HD+) mRNA is not present in PtKN1(hd-) mRNA. But the
ELK and HD regions cover most of the 3°ORF of PtKN1(HD+) mRNA which are

conserved in KNOX family. Therefore a probe in 3°ORF of PtKN1(HD+) mRNA may
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bind to all KNOX mRNAs depending of the exact region of probe binding. Therefore a
probe in the 3 UTR of PtKN1(HD+) mRNA will be a better choice. Once the regions of
probe binding are determined for PtKN1(HD+) and PtKN1(hd-) mRNAs, using two
gene-specific primers those regions can be amplified in PCR. The amplified products can
be put in cloned in vector downstream of T7 or SP6 promoter in antisense orientation and
reverse transcribed to generate the probe. Sense probe should be used as control. The
probe can be labeled with digoxigenin or flouorescein for detection. In situ hybridizations
have been done successfully in our lab [189] and have also been done for two HD genes
PaHB1 and PaHB2 in Norway spruce [191].

Isolation of exon 3 of the PtKN1 gene has to be completed in order to gain
thorough understanding of the mechanism responsible for alternative splicing, that
produces either PtKN1(HD+) or PtKN1(hd-). Further experiments would determine if
PtKN1(hd-) is produced by cleavage-polyadenylation or termination within intron 3. The
competition between polyadenylation/termination and splicing can be shown by partially
inhibiting splicing in which case more PtKNI1(hd-) will be produced; or by partially
inhibiting cleavage-polyadenylation and termination in which case more PtKN1(HD+)
will be produced. Antisense oligonucleotides against intron sequences [252] or splice
sites [253] have been successfully used to inhibit splicing. It has been shown successfully
in tobacco that insertion of U-rich elements within the intron increases splicing and
replacement of one U with G reduces splicing by 50%, due to formation of hairpin
structures in intron [254]. Similar mechanisms can be used to inhibit splicing of PtKN1

gene to increase the formation of hd- transcript. By mutating specific regions or creating
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several deletion constructs within the promoter it could be shown if the choice of the TSS
determines which form of PtKN1 will be produced.

After isolating the promoter region of PtKN1 and identifying putative cis-
regulatory elements in this region the next important thing to determine is the regions of
functional significance. The next experiment to be done would be to create several GUS
constructs with different regions of PtKN1 promoters being deleted to determine the
region that would play a role in regulation of the PtKN1 gene. Since the 1730bp PtKN1
promoter sequence was obtained from two different genomic walks, primers at the ends
of their contig sequence can be used to generate a single molecule clone in PCR. If
restriction sites are added at the end of the primers used in PCR, the products can be
cloned into an appropriate promoterless vector (such as pBI101 from Clontech, Palo
Alto) upstream of a GUS cassette. The promoter-GUS constructs can be introduced into
Agrobacterium tumefaciens and then transformed into pine embryos. PtKN1 expression
pattern can be determined by tracking GUS staining pattern. 5° and 3" deletions can be
constructed by PCR amplification using primers in appropriate regions. Three different
TSSs were determined, one for PtKN1(hd-) mRNA and two for PtKN1(HD+) mRNA.
Therefore creating 3° deletions will be helpful in determining if any regulatory motifs
involved in level or localization of expression are present in these regions. GUS
constructs have been made and used successfully for PtNIP1 promoter which is expressed
during pine embryogenesis [255]. Walking further upstream to get more sequence may be

required to determine the elements present in the distal regions of promoter.
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APPENDIX A

SUPPLEMENTARY TABLE AND FIGURES FOR CHAPTER 2

Table A.1: Primer used for genomic sequence cloning.

Forward Primer Primer sequence (5" to 3°)

KF TTGTAGGTCGCCTGGCCAAAGAGCTGA
KI3U1 AGGGCCATGGACGATATCGAGGGAT

KI13U2 GGGCTTACAGGAAACCGCTGGGAGGTTAGT
KSF1 ACAATGAGAAGGAAGATTGCGCCTTACA
KSF2 TTGAAGGGATTCATTTATATTGGGCCATTA
KEF3 AGAACGGCAGTGGTGGTGAAACGGAT
K3Ul1 CGCCACTGGAAGCCTTCTGAAGATATGCAC
K302 TCACAGTCCTCACAGTGCTGCCTTGTATG

Reverse Primer

KI5R1 ACGTACTACAACCATAAGTGCCACTCACTA

4R1 TCCTTGATTGTGGCGCCATGAGAAATGGATGCAAA
4R2 GCATGATGATGTTTAGGGTGCTAACTTGGG

P5R1 ACTCCCTATCCTCTACTGCATGGTGATCCACTTCCTG
P5R2 TCACCACCACTGCCGTTCTCGACTTCCTCCGA

KR GTTTTCAGCCGAAGGTTCTTTCTAGCAAT
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GAGAAGTACAAGGGTCTCGAAATTTTGTAGGTCGCCTGGCCAAAGAGCTGATG
TCTAGGATTTTTTTCACCCAAATGCTGGCTGAATGCTGTGAAATAAATTAAAG
GTTTTGAAGAAAGTGTTTCATGAAT

132

171

216

261

306

351

396

441

486

531

576

621

666

711

756

801

846

891

936

981

1026

1071

1116

1161l

1206

1251

1296

atggagcgtctgaatacagcagctgcacaagcctcgtct

M E R L N T A A A Q A S S
tcgctttatggagttaacatggcagaatatggagatgctggecgtce
s LYy G vV NMAE Y G D A G V
agctcgatgatggggttgataacccaacatgagcctgagcaaagce
s s MM G L I T © H E P E Q S
gaaaatattatgtccacgaggatcccaagctcgttttcatcattce
E N I M s T R I P S S F S S F
catggccatgccgattgccttctctcagcagcaatgtttcagggt
H G H A D C L L S A A M F O G
tctcaaggagatcataagctcaatccacagcctgggatgaaccag
s o G b H K L N P Q P G M N O
cagctagtctctgagcagtctatcatgtcagattcgtccatgceccg
L. v s E ¢ s I M s D s S M P
ttggttaagacaaaagcttgctctggtcttcgtaatcagtttgaa
L v X T K A C S G L R N QO F E
tttcacagggaacaacccggaaattgctacacagatcagtcctca
F H R E O P G N C Y T D O S S
aatattccgctaagccccatagtcacaccgttagcecctcecgcaggcet
N I P L S P I VvV T P L A S QO A
cgaggagaagcgcggatgataccgtccttggatgccaacggtgcet
R 6 E AR M I P S L D A N G A
catttcaatgtggataacgaggagcatgcaataaaatcgaaaatc
H F N V D N E E H A I K S K I
ttagcgcacccacagtatccgagcttgttgggagcttacatcgac
L A H P O Y P S L L G A Y I D
tgtcaaaagattggggctcctccagaagctgtggcccgtttggat
c ¢ K I G A P P E A V A R L D
gctctaactcgcgaacaccaagacccacaacgtcggactgtgagce
A L T R E H 0 D P O R R T V S
atcggaatggacccagaactcgatcaatttatggaggcatactgce
I 6 M D P E L D O F M E A Y C
gagatattgactaagtaccatgaagagcttgccaaacctttcaaa
E I L T K Y H E E L A K P F K
gaagcaatgctgtttttgaagaagattgaaacccagttcaactcc
E A M L F L K K I E T Q F N Sd
ctgggaaaaggaacgataagaatttcttctccagctgacgatgac
L G K 6 T I R I S S P A D D D
gaaaagacggagggaggtggatcttcggaggaagtcgagaacggc
E K T £E G G G S S E E V E N G
agtggtggtgaaacggattttcaggaagtggatcaccatgcagta
s G G E T D F Q E V D H H A V
gaggatagggagttaaaaaatcatctccttcgcaaatacagtgga
E D R E L K NHL L R K Y S G
tatttgagtagtctaaaacaggaattcatgaagaagaaaaagaaa
Yy L S S L K QQ E F M K K K K K
ggaaagctccctaaagatgcacggcaaaagttactcgattggtgg
G K L P K DA R QO K L L D W W
agtctgcacgacaagtggccatatccttcggagacggagaaaata
s L H b K W P Y P S E T E K I
gctttggctgaatgcacggggttggatcaaaaacaaataaataat
A L A E C T G L D Q K O I N N
tggtttataaaccaaagaaaacgccactggaagccttctgaagat
w F I N O R K R H W K P S E D
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1341 atgcacttcatggtaatgaacagtcacagtcctcacagtgctgcc
M H F M V M N S H S P H S A A
1386 ttgtatgttgagagacatatgatgactgaagggtatctttag 1427
L Y V E R B MM T E G Y L *
ATTGCTAGAAAGAACCTTCGGCTGAAAACAGCACACAATGCTATTGCTTTTGT
TGTATTTAATTGGCATGGCTTTCAATTTTCTTTCCCTTTTTTATTGGTAAGTA
AAAACTTCAAATTTATATAAAAAGGAAAGATAAAAAATAGTAATGACCCATAT
GCAAAGAAAAAGGTTTAAAAGAGTGGGGAGTTACACACAGCCATAAAATGCCA
GATATCGAGCAGGTACAATTCGTAAACTAAAAGGATAGGAGAAGAAAACAAAT
TTAAAAGGGAAATAAAGTATAACACTTCGGCACTAGATCAGGTAGTCCTAATT
GCCGGGAGCAGTAAAACCTAACGGTCAAGCTAGCGTTAAACTAGTAAAACCCT
AACGGCCAAGCTAGCGTTAAACTGAACGAGCTTAACACAGAGGCATTGTGTCA
ATCGCTTCTGGGCCCTGGCACTCTCTCTCCCTCAGACGATATTGAAGAAGCTA
AGTTAAAGTTGTATGCACACTTCGTAATTTTCTGACTTTGAAGTAGTATCTCA

Figure A.1: Nucleotide and deduced amino acid sequence of PtLKN1(HD+).

The beginning of the sequence is the 5 end of PtKN1 ¢cDNA. The deduced amino acid
sequence is shown below the nucleotide sequence. The start and stop codons are
highlighted in bold. The end of the sequence is the end of the cDNA.
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GAGAAGTACAAGGGTCTCGAAATTTTGTAGGTCGCCTGGCCAAAGAGCTGATG
TCTAGGATTTTTTTCACCCAAATGCTGGCTGAATGCTGTGAAATAAATTAAAG
GTTTTGAAGAAAGTGTTTCATGAAT

132

171

216

261

306

351

396

441

486

531

576

621

666

711

756

801

846

891

936

981

1026

1071

atggagcgtctgaatacagcagctgcacaagcctcgtct

M E R L N T A A A Q A S S
tcgctttatggagttaacatggcagaatatggagatgctggcgtce
s LYy G vV NMAE Y G D A G V
agctcgatgatggggttgataacccaacatgagcctgagcaaagce
s s MM G L I T © H E P E QO S
gaaaatattatgtccacgaggatcccaagctcgttttcatcattce
E N I M s T R I P S S F S S F
catggccatgccgattgceccttctctcagcagcaatgtttcagggt
H G H A D C L L S A A M F O G
tctcaaggagatcataagctcaatccacagcctgggatgaaccag
s o G b H K L N P Q P G M N O
cagctagtctctgagcagtctatcatgtcagattcgtccatgcecg
L. v s E ¢ s I M s D s S M P
ttggttaagacaaaagcttgctctggtcttcgtaatcagtttgaa
L v X T K A C S G L R N QO F E
tttcacagggaacaacccggaaattgctacacagatcagtcctca
F H R E O P G N C Y T D Q S S
aatattccgctaagccccatagtcacatcgttagcectcecgcaggcet
N I P L S P I VvV T S L A S Q A
cgaggagaagcgcggatgataccgtccttggatgccaacagtgcet
R 6 E AR M I P S L D A N S A
catttcaatgtggataacgaggagcatgcaataaaatcgaaaatc
H F N V D N E E H A I K S K I
ttagcgcacccacagtatccgagcttgttgggagecttacatcgac
L A H P O Y P S L L G A Y I D
tgtcaaaagattggggctcctccagaagctgtggcccgtttggat
c ¢ K I G A P P E A V A R L D
gctctaactcgcgaacaccaagacccacaacgtcggactgtgagce
A L T R E H 0 D P O R R T V S
atcggaatggacccagaactcgatcaatttatggaggcatactgce
I 6 M D P E L D O F M E A Y C
gagatattgactaagtaccatgaagagcttgccaaacctttcaaa
E I L T K Y H E E L A K P F K
gaagcaatgctgtttttgaagaagattgaaacccagttcaactcc
E A M L F L K K I E T O F N S
ctgggaaaaggaacgataagaatttcttctccaggtaatactcgce
L G K 6 T I R I S S P G N T R
ttgcttcataaacattttttacttcttttttctcctattgctcca
L L.H K H F L L L F S P I A P
attaattctgcttcatatcaactccactatgtaaattcacgttat
I NS A S Y O L H Y V N S R Y
tcgggagataaaacttga 1088

S G D K T ~*

AGGAAATCAATGGGCTTCGAGAAAATCCAGTGAAAACCGAACTAGCTGTAAAT
TGCGTTAAGTACAAGTCTAGACTGCCAAATGTAGATTATTAAATGTTGAGGAC
AAAAATCTCAGGGCCATGGACGATATCGAGGGATGGAATTTAAATGAAACTAT
TTGTTCTTATTATTTTTGGTGTCCTATATGCCACTATAATGGCAAGACCTCAA
ATCATTATGGATATCATCAAGCCATGAAAGTCTTAAGGGGGTTTACAGAAAAC
CGCTGGGGGGTTACTGTTACTATTCATCACTACTTTAAATATAAACCCAGTAC
TAAATATCCAGGTCGAAGGGGCTTACAGGAAACCGCTGGGAGGTTAGTGTTCG
TATTCATCGCTATTTTAAATATAAACACAGTACTAAATATTCACGTCCTACAT
TAAGCATTATTATTTGGTGTCAATTAATGGAGATATAGTTGATAGCTTTCATT
AGTGAGTGGCACTTATGGTTGTAGTACGTACAGCTAGTTGTAGACTGCTTTAT
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ATAGTCTAAGATGACATTCTAGTCTTAGGCATATGACTTGTITGTAATGCCCAG
ACTTATTATACC

Figure A.2: Nucleotide and deduced amino acid sequence of PtKN1(hd-).

The beginning of the sequence is the 5 end of PtKN1 ¢cDNA. The deduced amino acid
sequence is shown below the nucleotide sequence. The start and stop are highlighted in
bold. The end of the sequence is the end of the cDNA.
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CONSensus
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CONSensus

Pt KN1({ hd-)
Pt KN1{ HD+)
CONSensus

Pt KN1({ hd-)
Pt KN1{ HD+)
CONSensus

Pt KN1{ hd-)
Pt KN1{ HD+)
COnsensus

PtKN1Ehd—]
Pt KN1( HD+)
consensus

Pt KN1( hd-
Pt KN1( HD+)
consensus

TCACCCAAATGCTGGCTGAAT GCTGTGAAATAAATTAAAGGTTTT GAAGAAAGT GTTTCA
TCACCCAAATGCTGGCTGAATGCT GTGAAATAAATTAAAGGT TTT GAAGAAAGT GTTTCA
TCACCCAAATGCTGGCTGAATGCT GTGAAATAAATTAAAGGT TTT GAAGAAAGT GTTTCA

TGAATATGGAGCGTCTGAATACAGCAGCTGCACAAGCCTCGTCTTCGCTTTATGGAGTTA
TGAATATGGAGCGTCTGAATACAGCAGCTGCACAAGCCTCGTCTTCGCTTTATGGAGTTA
TGAATATGGAGCGTCTGAATACAGCAGCTGCACAAGCCTCGTCTTCGCTTTATGGAGTTA

ACATGGCAGAATATGCAGATGCTGGCGTCAGCT CGATGATGGGGT TGATAACCCAACATG
ACATGGCAGAATATGCAGATGCTGGCGTCAGCT CGATGATGGGGT TGATAACCCAACATG
ACATGGCAGAATATGCAGATGCTGGCGTCAGCT CGATGATGGGGT TGATAACCCAACATG

AGCCTGAGCAAAGCGAAAATATTATGT CCACGAGGATCCCAACGCT CGTTTTCATCATTCC
AGCCTGAGCAAAGCGAAAATATTATGT CCACGAGGATCCCAACGCT CGTTTTCATCATTCC
AGCCTGAGCAAAGCGAAAATATTATGT CCACGAGGATCCCAAGCT CGTTTTCATCATTCC

ATGGCCATGCCGATTGCCTTCTCT CAGCAGCAATGT TTCAGGGT T CTCAAGGAGATCATA
ATGGCCATGCCGATTGCCTTCTCT CAGCAGCAATGT TTCAGGGT T CTCAAGGAGATCATA
ATGGCCATGCCGATTGCCTTCTCT CAGCAGCAATGT TTCAGGGT T CTCAAGGAGATCATA

AGCTCAATCCACAGCCTGGGATGAACCAGCAGCTAGTCTCTGAGCAGT CTATCATGT CAG
AGCTCAATCCACAGCCTGGGATGAACCAGCAGCTAGTCTCTGAGCAGT CTATCATGT CAG
AGCTCAATCCACAGCCTGGGATGAACCAGCAGCTAGTCTCTGAGCAGT CTATCATGT CAG

ATTCGTCCATGCCGT TGGTTAAGACAAAAGCTTGCTCTGGTCTTCGTAATCAGT TTGAAT
ATTCGTCCATGCCGT TGGTTAAGACAAAAGCTTGCTCTGGTCTTCCGTAATCAGT TTGAAT
ATTCGT CCATGCCGT TGGTTAAGACAAAAGCTTGCTCTGGTCTTCGTAATCAGT TTGAAT

TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGT CCT CAAATATTCCGCTAAGCC
TTCACAGGGAACAACCCGGAAATT GCTACACAGATCAGT CCT CAAATATTCCGCTAAGCC
TTCACAGGGAACAACCCGGAAATT GCTACACAGATCAGT CCT CAAATATTCCGCTAAGCC

CCATAGTCACATCGT TAGCCT CGCAGGCT CGAGGAGAAGCGCGGATGATACCGT CCTTGG
CCATAGTCACATCGT TAGCCT CGCAGGCT CGAGGAGAAGCGCGGATGATACCGT CCTTGG
CCATAGTCACATCGT TAGCCT CGCAGGCTCGAGGAGAAGCGCGGATGATACCGT CCTTGG

ATGCCAACAGTGCTCATTTCAATGTGGATAACGAGGAGCATGCAATAAAAT CGAAAATCT
ATGCCAACAGTGCTCATTTCAATGTGGATAACGAGGAGCATGCAATAAAAT CGAAAATCT
ATGCCAACAGTGCTCATTTCAATGTGGATAACGAGGAGCATGCAATAAAAT CGAAAATCT

TAGCGCACCCACAGTATCCGAGCTTGT TGGGAGCTTACATCGACT GTCAAAAGATTGGGG
TAGCGCACCCACAGTATCCGAGCTTGT TGGGAGCTTACATCGACT GTCAAAAGATTGGGSE
TAGCGCACCCACAGTATCCGAGCT TGT TGGGAGCTTACATCGACT GTCAAAAGATTGGGG

CTCCTCCAGAAGCTGTGGCCCGTTTGGATGCTCTAACT CGCGAACACCAAGACCCACAAC
CTCCTCCAGAAGCTGTGGCCCGTTTGGATGCTCTAACT CGCGAACACCAAGACCCACAAC
CTCCTCCAGAAGCTGTGGCCCGTTTGGATGCTCTAACT CGCGAACACCAAGACCCACAAC

GTCGGACTGTGAGCATCGGAATGGACCCAGAACTCGATCAATTTATGGAGGCATACT GCG
GTCGGACTGTGAGCATCGGAATGGACCCAGAACTCGATCAATTTATGGAGGCATACT GCG
GTCGGACTGTGAGCATCGGAATGGACCCAGAACTCGATCAATTTATGGAGGCATACT GCG

AGATATTGACTAAGT ACCATGAAGAGCTTGCCAAACCTTTCAAAGAAGCAATGCTGTTTT
AGATATTGACTAAGT ACCATGAAGAGCTTGCCAAACCTTTCAAAGAAGCAATGCTGTTTT
AGATATTGACTAAGTACCATGAAGAGCTTGCCAAACCT T TCAAAGAAGCAATGCTGTTTT

TGAAGAAGATTGAAACCCAGT TCAACT CCCTGGGAAAAGGAACGATAAGAATTTCTTCTC
TGAAGAAGATTGAAACCCAGT TCAACT CCCTGGGAAAAGGAACGATAAGAATITITCTTCTC
TGAAGAAGATTGAAACCCAGT TCAACT CCCTGGGAAAAGGAACGATAAGAATITITCTTCTC

CAGGT CTCBCT TIBCTTCAT TTTTTT T TTTTTCT TTGCHCCAA
CAGCT AT CG AGAC GGTG GGAGGAG AGG GGCA
AG- TaAta-T-gC--g------ -a---T--Act Tet-------- ta--G-t---A

TTCTGCTTCAT CTHTGTAAAT T GGAGAT TT

GT GGT GAAAC TT aAAITGGAT CAICQI&X'T GGATAC-IQ.TA
—T-a—T ————————— -gc--ct--a--aTG-A---t CAcGt- aT- -gGGA- A-aahacT-
AATCAANGGGCET TCC CGA TTGCGT
WCAT CTCETT C&AEITICQI# GGA*T IQ.AGT mWTTCATG

gAAgg- - ATC--t----t--g-g-Aa----- gT--afac-G -c- Ag-tg- aBATT----
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CONSensus
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consensus
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consensus
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consensus
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CONSensus

Pt KN1( hd-)
Pt KN1[ HD_]
CONSEenNsuUs

Pt KN1( hd- )
Pt KN1( HD+)
consensus

TCT
AGA
g___

MG
Aag-a-
l ATGGAC ATCGHGGGATIBGAATT

CTGCAC AAGTEGCCTTATCCTT
g-c- TG- ACGAt A---aG---Tg---TTtaaA-g-aa-- A

TGTCCTATETEBECACTAT AATBGCAAGA AATCATT
ACGGGGTT CAAAAA TAAATAEIT&TTTATAAQ'&QAIK
A-A-cT-a--T----At- -a—-A— a---C--G

——————— Ta-gcCA--A--A-g--A
T GTTTACAGAAAACCGCTG TTA TTACTAT TAC
ATGCACTTCATGGTAAT gl
-CT--t-a ——c——

GTCCTC GCC
AAa tcTt—agg Ggg- g-
GGG

_______ __tg_

TTTAAATAT CCC AABTAT CCAGGT AGGGEBCTTACA

TTGTATGTT GAT ACTGAAGG CTTTRGATTGCT CTT
TT-—Ar——TaAa-——-g Ac- A-a--T--AGG-cg----- q- - —-——gaAA-—g t---

égg:l’l_.llTIC TCATEBGCTATT THAAATETABAC AI AATIG.AIGTC

ACAAGCTATT TTTETTETAT
- GGt Tag-g-t- Gt At- CA-cGCTATT-t---TaT-a---c-g--c-a-ATa-tc-c---

TACATTAAGCATTATTATTTGGT GTCAAT TAATGGAGATATAGT TGATAGCTTTCATTA

TITCAGG

CCA TTAT GGACA
AGCT G GTTACT GGTGG

A-a----gAG------ aATc---G

TTATTTGT TCTTATTATTTTIGG
GAAAATAGCTTTGGCT GAATEC
------ CTT----T--- TG

GCCATG
CCACTGG

Figure A.3: Alignment of the nucleotide sequences of PtKN1(HD+) and PtKN1(hd-).
In the region that is common to both mRNA forms, there is overall amino acid identity of
100% between the sequences.
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>PtKNL (-)
MNMERLNTAAAQASSSLYGVNMAEYGDAGVSSMMGLITQHEPEQSENIMSTRIPSS
FSSFHGHADCLLSAAMFQGSQGDHKLNPQPGMNOO[ VSEQS IMSDS SMPLVKTKAC
SGLRNQFEFHREQPGNCYTDQSSNIPLSPIVISLASQARGEARMIPSLDANSAHEN
VDNEE PQR

GTIRISS

PGNTRLLHKHFLLLFSPIAPINSASYQLHYVNSRYSGDKT

>PtKN1 (+)

MNMERLNTAAAQASSSLYGVNMAEYGDAGVSSMMGL ITQHEPEQSENIMSTRIPSS

FSSFHGHADCLLSAAMEFQGSQGDHKLNPQPGMNOQI VSEQSIMSDS SMPLVKTKAC

SGLRNQFEFHREQPGNCYTDQSSNIPLSPIVTSLASQARGEARMIPSLDANSAHFN

VDNEE POR
KGTIRISS

PADDDEKTEGGGSSEEVEDGSGGETDFQEVDHHAVEDRELKNHLLRKYSGYLSSLK

QEFMKKKKKGKLPKDARQKLLDWWSLHDKWPYPSETEKIALAECTGLDOKQINNWE

INQRKRHWKPSEDMHFMVMNSHSPHSAALYVERHMMTEGYL

Figure A.4: Peptide sequence used for making antibody for PtKN1(HD+) and
PtKN1(hd-) proteins.

Region in green is KNOX1 domain, in yellow is KNOX2, in blue is ELK domain and in
red is HD. The sequence highlighted in orange in both forms is the peptide sequence
against which antibody was raised to perform western blotting.
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518 76 59 46 109 27 110 66 90 108 88

419 277 4085 / /] 116 133 628
§ Zammll pu In——

> <

KF 1 - 5 clones KI5R1 9-1clone P5R2
»>— <«

> <+ KEF3 8- 1 clone KR

KF 2- 6 clones 4R2

K3U2 5-5clone
KI3U2 3.6 clones

K3U2 6-4clone

KSF2 4.1 clone

KSGZ 7 - 7 clone

/ L
7/

5"Contig : 18 genomic clones + 15
genomic NCBI clones (5751 bp)

3 Contig : 18 genomic

Total genomic sequence -7702 bp clones (1943 bp)

Length of intron 3 - 4801 bp

1 = KGl1, KG2, KG24, KG25

2 = KG3, KG5, KG6, KG7, KG9, KG10

3 =K415, K416, K417, K421, K424, K428

NCBI genomic clones used are gil162314188IgblIET183639.1IET183639,
gil162314423IgblET183775.1IET 183775, gil75689884IgblCZ895398.11CZ895398,
gil162313798IgbIET184558.1IET 184558, gil162313648IgblET182707.1IET 182707,
enlltil2072254109, gnlltil2072254128, gil162315122IgblET182944.1IET 182944,
gil756903421gblCZ895856.11CZ895856, gil162313302IgblET182445.1IET182445,
gil756905791gblCZ896093.11CZ896093, gil75689785IgblCZ895299.11CZ895299,
gil162315797IgblET184334.1IET 184334, gil162314788IgbIET183942.1IET 183942,
gil162314827IgblET183958.1IET183958

5" Contig = Genomic clones in 1 + 2 + 3 + following NCBI genomic clones

5=Gl1, G13,Gl14, G15,G16

6 = G22, G23, G25, G26

7 =G31, G32, G33, G34, G35, G36, G37

8 =KG3

9 = KGW

3" Contig = Genomic clonesin5+6+7 +8+9

Figure A.5: Genomic sequence map.

Using either 2 gene specific primers in PCR or 1 gene specific primer and adapter primer
in genomic walk, I isolated several overlapping clones different regions of PtKN1 gene.
Several genomic clone sequences from NCBI database overlapping some regions were
found and contigs were made; a total of 7.7kb sequence of the PtKN1(HD-+/hd-) gene
was obtained. KNOX1; yellow - KNOX2; blue - ELK; red — HD; turquois — 5" UTR;
purple — 3°'UTR of (HD+); open circle — adapters from the genome walker library.
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NW_116884. 3 CCTTGACGAATTCTATATACCTAGTTCGTTTTTTCTTCCTCAAATATATCTTTTTCAATT
O N I I = e e e
CONSENSUS - - - == - o - oo o oo oo

EHE}1ﬁﬁg4j3 TATTTGGTTTTTCTTTGGGT GCAACT TCACCT CACAAAATTTTCTCTCTTTTTTTATATT
1 e
15 5 T T T TS S T

NM_116884. 3 AATTTGAGTTAGGCCTTTTTGATTTCATAGAT GAGTCGTCTAGT CGTCTGGATTTGATGT
KNAT1[hd-] === mmmmmmmmmmmmmmmmmmmmm e GAGTCGTCTAGT CGTCTGGATTTGATGT
CELEEMENE S EaE S E O aE s e E S e s B A E e S ESa S EEaaE GAGTCGTCTAGTCGTCTGGATTTGATGT

NWV_116884. 3 GGTTATAGTCTTACAGAGACCTTTGATTGAAATAAGAACAAAAGCAAGAATACATACATC
KNAT1[ hd-] GGTTATAGTCT TACAGAGACCTTTGATTGAAATAAGAACAAAAGCAAGAATACATACATC
consensus GGTTATAGTCTTACAGAGACCTTTGATTGAAATAAGAACAAAAGCAAGAATACATACATC

NW_116884. 3 CTCTTCATCTTACACCCATCCTTTTTTATTTTTCTAGGGTTTTATTTTTTTTTAATTTAT
KNAT1[ hd-] CICTTCATCTTACACCCATCCTTTTITTATTTTTCTAGGGTTTTATTTTTTTTTAATTTAT
consensus CTCTTCATCTTACACCCATCCTTTTTTATTTITTCTAGGGTTTTATTTTTTTTTAATTTAT

NW_116884.3 TTTTTTTCTTTGATTTTTATATTCTCTCT CTCTCTCAARATCTTTACTCATCTGGGTATGG
KNAT1[ hd-] TTTTTTTCTTTGATTTTTATATTCTCTCT CTCTCT CAAATCTTTACT CATCTGGGTATGG
consensus TTTTTTTCTTTGATTTTTATATTCTCTCT CTCTCT CAAATCTTTACT CATCTGGGTATGG

NWV_116884. 3 AAGAATACCAGCAT GACAACAGCACCACT CCTCAAAGAGTAAGTTTCTTGTACTCT CCAA
KNAT1[ hd-] AAGAATACCAGCAT GACAACAGCACCACTCCTCAAAGA----------------------
COoNsensus AAGAATACCAGCAT GACAACAGCACCACTCCTCAAAGA- - - - - - - - - - - - - - oo -

Emﬁ}1ﬁﬁg4j3 TCTCTTCTTCCAACAAAAACGATAACACAAGT GATACCAACAACAACAACAACAATAATA
1 .
COMNSEBNSEUS - - - o= - -0 o - o o oo oo o oo

Emﬁ}1fﬁg4j3 ATAGTAGCAATTATGGTCCTGGT TACAATAATACTAACAACAACAAT CATCACCACCAAC
1 .
COMNSEBMNSUS - = == - = - - o= = o oo o oo oo oo

NW_116884. 3 ACATGTTGTTTCCACATATGAGCTCTCTTCTCCCT CAAACAACCGAGAATTGCTTCCGAT
O N I I = e e e
CONSENSUS - - - == - o - oo o oo oo

NW_116884. 3 CTGATCATGATCAACCCAACAACAACAACAACCCATCT GTTAAATCT GAAGCTAGCTCCT
L TN I I = e e e e e
CONSENSUS - - - == - o - oo o oo oo

NW_116884. 3 CAAGAATCAATCATTACTCCATGTTAATGAGAGCCATCCACAATACT CAAGAAGCTAACA
KNATA[Rd-] == === == m mmm mmm mmmmmm mm e
COMNSENSUS == === === === - - o oo s s es oo oo e oo ooooooooaa-

NW_116884. 3 ACAACAACAATGACAACGTAAGCGATGTTGAAGCCATGAAGGCTAAAATCATTGCTCATC
KNATA[RA-] == == m == m mmm mmm mm o mmmm o m
COMNSENSUS == === === === oo oo oo s ee oo oo e moooooooooaaaa-

EHE}1FES4j3 CTCACTACTCTACCCTCCTACAAGCTTACTTGGACTGCCAAAAGATT GGAGCTCCACCTG
1 e
FEHEENENET S E e e Sat e a e S SeE C o E e E S Sa s SEE B E S SEE SO H eSS E S S OE B eSS E S e e Ea S S

EHE}1FEg4j3 ATGTGGTTGATAGAATTACGGCGGCACGGCAAGACTTT GAGGCT CGACAACAGCGGTCAA
1 e
SENEENENE e S e S e S S S e L e e e e e e e n e e s

NW_116884. 3 CACCGTC- TGTCTCTGCCTCCTCTAGAGACCCGGAGTTAGATCAATT CATGGAAGCATAC
KNATT[ hd-] mmmmm s mm s m o m mm e e e oo GAAGCATAC
CONSENSUS == - o= - - - - -0 oo oo o o oo oo GAAGCATAC

NW_116884. 3 TGTGACATGTTGGT TAAATATCGTGAGGAGCT AACAAGGCCCAT TCAGGAAGCAAT GGAG
KNAT1[ hd-] TGTGACATGTTGGT TAAATATCGTGAGGAGCT AACAAGGCCCAT TCAGGAAGCAAT GGAG
consensus TGTGACATGTTGGT TAAATATCGTGAGGAGCTAACAAGGCCCAT TCAGGAAGCAAT GGAG
NW_116884. 3 TTTATACGTCGTAT TGAATCTCAGCT TAGCATGTTGTGTCAGAGTCCCATTCACATCCTC

KNAT1[ hd-] TTTATACGTCGTATTGAATCTCAGCT TAGCATGTTGTGTCAGAGTCCCATTCACATCCTC
consensus TTTATACGTCGTATTGAATCTCAGCT TAGCATGTTGTGTCAGAGTCCCATTCACATCCTC

Figure A.6: Alignment of the nucleotide sequences of Arabidopsis KNAT1(hd-) and
KNAT]1 full length mRNA.
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NC_003075. 4 ----------- TAGAATTACGGCGGCACGGCAAGACTT TGAGGCTCGACAACAGCGGTCA

N R 1 B e
NV_116884. 3 GATGTGGTTGATAGAAT TACCECCGCACCGECAACACTT TEACCCTCCACAACACCCETCA
CONSENSUS  ~---------- tagaattacggcggcacggcaagactttgaggetcgacaacageggtca
NC_003075. 4 ACACCEICNGNCICIGCCNCETCIAGAGACCCCGACGTTAGATCAATTCAT--------- -
KNAT [ hd-] - -----------oo oo CCCGGAGTTAGATCAATTCAT----------
NV_116884. 3 ACACCETCTGNCTCTIGCCTCCTCTAGAGACCCGGACGTTAGATCAATTCATGGTTCATTAC
CONSensus acaccgtctgtctctgcctocctct agagaCCCGGAGTTAGATCAATTCAT----------
N R Pl £ S S e 5 e 5 5 5 e 2 ) 0 5 0 6 50 3 1 1 05 0 3 1 3 0 1 50 1 5 5 5 5 0 ) e 0 e e
N R T e T

NM_116884. 3 TAACCAAAGTTGAATTTTAATTAAATGGGTCGGTTCTTTGTGTGTATATGTGT TAGAAGT
[ T TN R e e e e

NC_003075, 4 == === === mmmmmmmmmmmmmmmsmm oo GGAAGCATACTGT GACATGTTGGTTA
KNATA[hd-] = cc--omcomomooooooooooooooo oo GGAAGCATACTGT GACATGTTGGTTA
NV_116884. 3 CTTGATTTTCCTTTTTTATTTTTTGGTAT GAATAGGAAGCATACTGT GACATGTTGGTTA
COMSENSUS  ~m - mmmmmmmmmmm oo oo m oo GGAAGCATACTGT GACATGTTGGTTA

NC_003075. 4 AATATCGTGAGGAGCTAACAAGGCCCATTCAGGAAGCAATGGAGT TTATACEGTIEGIATTG
KNAT1[ hd-] AATATCGTGAGGAGCTAACAAGGCCCATT CAGGAAGCAATGGAGTTTATAGC- - -------
NM_116884. 3 AATATCGTGAGGAGCTAACAAGGCCCATTCAGGAAGCAATGGAGTTTATACGTCGTATTG
consensus AATAT CGTGAGGAGCTAACAAGGCCCATT CAGGAAGCAATGGAGTTTATACgt cgt att g

Eﬁﬁpr? ? ﬁé 5] 4 AATCTCAGCTTAGCATGTTGTGT CAGAGT CCCATTCACATCCTCAACAATCCTG- - - - - -

NV_116884. 3 AATMCTCAGCTTAGCATETTGTENCAGAGT CCCATTCACATCCTCARCAATCCTEGT ACAT

consensus aatctcagctt agocatgttgtgtcagagt cccattcacatcoctcaacaatcoctg------

I I 1 7 T e P S S S S S S S RS PSS S SIS S S S PSS S S S SPSS S S S S S S Sy
KNATA[Rd-] o m = - o m oo o mm o oo o oo e .
NV_116884. 3 GTCATCAATCTCATATACATACATATATGCACATGTAAGAAATGGCT GGAGAAAACAAAG
S I L e e e i R I

[ TR 757 0 0 5 5 0 5 e 0 5 51 5 0 5 65 5 5 0 0 5 1 ) 9 0 3 0 5 5 1 9 9 9 05 5 i 9 5
KA S e e e L e e L L e L L e I
NV_116884. 3 TGTAGTGGCAAGGTAGGGCTAATGATGGATTGCATAAATTGGCATGTTTCTTTGGTTCAT
COMNSBRASUS == - == o= s s s o s s oo s s oo s oo s s s e m o mms s

RNATS Lhd ] & Lo oo T
1 e
NW_116884. 3 GGTAAATTGTTGTAACATTGAGATATTAAAAAAAAAAAAAATCATAGTCTACATACATTT
COMSEMSUS == - - - oo m o s s s s o o oo

NC_00B075. & = === === == = === = ==~ mm e m e
KNATA[RA-] o oo o oo oo o .
NV_1165884. 3 TCAAATGTTAATTAAGATTATAAGATAATTAAGATAAT TGAGATGCATTATTGTTGGAAA
S I L e e e i R I

[N (PRI THT7 e 0 0 5 5 500 5 e 0 5 5 1 5 0 5 5 5 5 0 0 5 1 9 0 9 05 5 1 9 9 1 5 5 i 5
KA S L e L e e L e e L L L L L e L
NV_116884. 3 GTATGTAAGATACAAATAGGTGTGCATATTTGTTCTTGTTTTCCCCATTGTGGAAT CCAT
COMNSBRASUS == - == o= s s s o s s oo s s oo s oo s s s e m o mms s

RNATI L hd -] & oo DT T T T
1 0
NVW_116884. 3 CCAAAGATGGGTGGGGCTTATTTTTGTTTTTTTTICTTT TCACTCGGCCCAAAAGTACTAT
CONSEBNSUS - - - - - - - - - - - oo oo oo oo o o s oo s s s s —m - m— - - - --—-------- -

N R Tl Ch o e 0 0 0 o 0 5 o 0 0 0 0 0 0 0 0 1 5 0 1 5 0 ) 0 i 0 e o e
AR Sooosoan oo Samo0a SEn S0 S e D EEE S D e EE S D EE S EE D BEE S oS S s SeE S S
NV_116884. 3 CACAAGAACTTTTGGTGCTGCTCGTGAAGATTTATTTGGGACATTATCTTCTTCGATTTC
COMNSEMASUSE == - - = == == = === = = m = s s e e e e e e e e e oo

LTS o S 200 3 0 5 0 0 60 5 515 5 50 35 35515 1 6 3 0 515 6 5 5 1 3 S S 1
B AT e e P

NM_116884. 3 GTTATGCTAAAACATCAAAATCTCTACTCGGATTAATTAGTCTAATCATAAAGGTAGATG
[ T TN R e e T

Figure A.7: Alignment of the nucleotide sequences of Arabidopsis KNAT1(hd-),
KNAT]1 full length mRNA and KNAT1 gene. (page 1)
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I 7 A T e P S S S S S S S RS PSS SIS S S S S S S S S SPSS S S S S S S Sy
KNATA[RE-] = - o= - o mmmm @ s s m e m mm e e oo
NV_116884. 3 ACTAGAATGTTGTTAAATGACTAAACCAT TTAACT TCATGAAATATATTATGT TGAAGCA
R L e e e i R R R i

Eﬁﬁ?ﬁ’ -F or 5] 4 - ATGGGAAGAGTGACAATAT GGGATCATCAGACGAAGAACAAGACAATAACAGCGEAGGS

NWV_116284. 2 GATGGGAAGAGTGACAATATGGGATCATCAGACGAAGAACAAGAGAATAA

consensus -atgggaagagtgacaatatgggatcatcagacgaagaacaagagaat aacagcggagag
Eﬁﬁgg -F or 5] 4 GAAACAGAATTACCGGAAATAGACCCGAGGGCCGAAGATCGGGAACT CAAGAACCATTTG
NV_1156884. 2 GAAACAGAATTACCGGAAATAGACCCCGAGGGCCGAAGATCGGGAACT CAAGAACCATTTG
consensus gaaacagaattaccggaaat agacccgagggccgaagatcgggaactcaagaaccatttg
Eﬁﬁgg -Fa ﬁé 51 4 CTGAAGAAGTATAGTGGATACTTAAGCAGTTTGAAGCAAGAACTATCCAAGAAGAAAAAG
NV_115884. 2 CTGAAGAAGTATAGTGGATACTTAAGCAGTTTGAACGCAAGAACTATCCAAGAAGAAAAAG
consensus ctgaagaagtatagtggat actt aagcagtttgaagcaagaact atccaagaagaaaaag

Eﬁﬁ%ﬁ’ -F = 51 4 AAAGGTAAACTTCCTAAAGAAGCACGGCAGAAGCTTCT CACGTGGTGGGAGTTGCATTAC

NV_116884. 3 AAAGGTAMACTTCCTAAAGAAGD GAAGCTTCT CACGTGGTGGGAGTT GCA
CONSEensus aaaggtaaacttcctaaagaagcacggcagaaget tctcacgtggtgggagttgecatt ac

NC2003075, 4+ BEGNSBUUBMANBGIIG - -~~~ ---------oooooooooooooe
1 T
NV_ 116884, 3 AAGIGGCCATANCCIICNGTACGTATAAATTTTCTCTCATCTCTCTTTGCCCTCATATTT
coOnsensus aagtggocatateottot-- - - - - - - oo oo oo

NC_00307 5. & = === === === === = == @@ m o m D e
KNATA[ RO-] o oo m m oo oo o .
NV_116884. 3 TTTAAAATATATACTACAAATTAAGTGTTTTAAAAACCTATCTTTAAGCTAGCAATTCCC
S R L e e e i R R e

[ A7 57 0 0 5 5 500 5 e 0 5 51 5 0 5 5 5 0 0 5 1 1 9 0 9 505 51 1 9 9 9 05 5 i 5
KA S e e e L L e L L e L T
NV_116884. 3 TCTGAAGCCGCTATGTTAGGCCAAGTAGGTACTTGCAT GACCGATTTTGTGTTTAAATCC
[ == - T - i I

e (FITETFT7 T  50 5 5 5 1 5 5 5  0 0C 5 1  9 0 E 0 5 51 1 9 9 9 0 5 5 i 5
FEHEIIIER]] L So aae S o aime o o e o0 6 e 6 e 5100 6 560 6 51 ) 5 6 8 5 611 15 69 s S e e 9
NV_116884. 3 TTGTACGGTTTCCAACAACATGGTTTTAAATCCGAATGCTCACAACACTAGAATTAGTCA
COMNSBNSUS == - == o= = s m o s = e m o oo s oo s o s s s oo o mmsmm s

o T I = T e i e i
KNATA [ hd-] - - - oo - oo oo oo o oo
NM_116884. 3 CTAGGATACATATCTTAGTCATGGTGTTCTAACCCTTAACATACTATTTTCTAACACGTA
GONSENSUS - - - - = - === oo oo Do oo

AR/ (h S oos Baa o o0 SaE B aa S E e a6 HE D E s S50 G0 E B EE S EE SE5 BEE 0 o0 BaE S aa S a oS
AR Sooooons con oambae SEE SaE SE D E s S D E EEE DEE S EE S BEE S o8 SEE S aE S a e
NM_116884 3 TATCAATCACTTTTTTTTAAAAAATGTAAGTTTGT GATGAAATTTTTATCCATATATTTT
CONSEBNSUS == - - m o - o s s o oo s o oo

NC_003075, & == == === === = mm = = m = mmm o m o mm e e e e e e e
KNATT[ RO=] == == m == m == m mmm o m m o mm e e m e e e e e e e
NM_116884. 3 GAAACAATTTAATTTTTTTTGTAGTTTTAATTAGT TTGAAATGAAATAACTAATCTAACC
FHE M HES S S S s s s s s o s oo s s s S s as s Ss oS S s oS aS S S SS S S S S S S S eSS S SS =SS S S S S S S Sa S S S

R e Lo T ol T A e e i
KNATA [ hd-] - - - - o oo s oo s oo o o oo oo
NM_116884. 3 GACTGTAATGATAGTGAAAAAAACATGTTTAATATTGGTAAATATAAATGACATGTTGTT
[ LY L E- N R e e R T

T RIS Te (0 e 0 0 0 0 0 0 0 0 5 0 0 5 0 1 5 0 1 5 0 ) 0 0 e e
KNATA[RE-] = - m o= o mm mm = mmm mmm o m e e o s oo

NM_116884. 3 AAAAAGATAATAAGACAACATATAGTTAGTCGTTACTTGATGT CAAAGAAAAATGAAGTT
GOMSEMNSUS == = - = — oo s o oo s oo o e o oo

Figure A.7: Alignment of the nucleotide sequences of Arabidopsis KNAT1(hd-),
KNATT1 full length mRNA and KNAT1 gene. (page 2)
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NC_003075. 4

KNAT1[ hd- ]

NV_116884. 3

consensus

NC_003075. 4

KNAT1[ hd- ]

NM_116884. 3

consensus

NC_D032075. 4

KNAT1[ hd- ]

NV_116884. 3

consensus

NC_003075. 4

KNAT?[ hd- ]

NV_116884. 3

consensus

NC_0D03075. 4 --

KNAT1[ hd- ]

NV_116884. 3

consensus

NC_D032075, 4

KNAT1[ hd- ]

NM_116884. 3

consensus

NC_0D02075. 4

KNAT1[ hd- ]

NMV_116884. 3

consensus

NC_D032075. 4

KNAT1[ hd- ]

NV_116884. 3

consensus

NC_D032075. 4

KNAT1[ hd- ]

NV_116884. 3

consensus

NC_D02075. 4

KNAT1[ hd- ]

NV_116884. 3

consensus

NC_003075. 4

KNAT1[ hd- ]

NV_116884. 3

consensus

NC_003075. 4

KNAT1[ hd- ]

NV_116884. 3

consensus

TACTACATAAATGAAGATGGTTGGETT- - TGAGTTGTGT GGCAGEHENCAGAGAAGETAGE
------------------------------------------- gagtcagagaaggtage

gttggcggaat caacggggttagatcagaaacaaatcaacaattggttcataaaccaaag

- - AAAGCGTCACTGGAAACCATCTGAAGACATGC- AGTTCATGGTGATGGATGGTCTGCA
--aaagcgtcactggaaaccatctgaagacatgec- agt tcatggtgatggatggtctgea

GTCATTACATGGGTGATGGACCTTATCG
A COACOACECAGCTOTCTACATEEATS GTCATTACATGGGTGATGGACCTTATCG
GCACCCGCACCACGCAGCTCTGTACATGGATGGTCATTACATGGGTGATGGACCTTATCG
gcaccogcocaccacgeocagectcotgt acatggat g GTCATTACATGGGTGATGGACCTTATCG

TCTCGGTCCATAAGACATCCAAAAGCTTTAGCCACATAATAACAACCTCTCGTTGCTTTC
TCTCGGTCCATAAGACATCCAAAAGCTTTAGCCACATAATAACAACCTCTCGTTGCTTTC
TCTCGGTCCATAAGACATCCAAAAGCTTTAGCCACATAATAACAACCTCTCGTTGCTTTC
TCTCGGTCCATAAGACATCCAAAAGCTTTAGCCACATAATAACAACCTCTCGTTGCTTTC

TTGTTACAACTCATGTTTTGAATTCCCCTACATCAGTTTGCTACTTATAGCTTTCTTTGT
TTGTTACAACTCATGTTTTGAATTCCCCTACATCAGTTTGCTACTTATAGCTTTCTTTGT
TTGTTACAACTCATGTTTTGAATTCCCCTACATCAGTTTGCTACTTATAGCTTTCTTTGT
TTGTTACAACTCATGTTTTGAATTCCCCTACATCAGTTTGCTACTTATAGCTTTCTTTGT

TTTCACGCCTTTTGTAATGTCTTATGTCGTTCGGGGAGT TT GAGACT TCCTAGTCAGAAA
TTTCACGCCTTTTGTAATGTCTTATGTCGTTCGGGGAGT TT GAGACT TCCTAGTCAGAAA
TTTCACGCCTTTTGTAATGTCTTATGTCGTTCGGGGAGT TT GAGACT TCCTAGTCAGAAA
TTTCACGCCTTTTGTAATGTCTTATGTCGTTCGGGGAGT TT GAGACT TCCTAGTCAGAAA

TATCCCTTCATTTTATTTTCTCTTTTTTT CGGTGTATTTTGTTTTTTTGT TTTCTCACTA
TATCCCTTCATTTTATTTITCTCTTTTTITTCGGTGTATTTTGTTTTTTITGTTTT CTCACTA
TATCCCTTCATTTTATTTITCTCTTTTTITTCGGTGTATTTTGTTTTTTTGTTTT CTCACTA
TATCCCTTCATTTTATTTITCTCTTTTTTTCGGTGTATTTTGTTTTTTTGTTTTCTCACTA

ATGTTTTITATTTAATAATGIGT GAAAGGAAAATGCTATTCTG- - - - - - - - - - - ------ -
ATGTTTTTATTTAATAATGEGTGAAAGGAAAATGCTATTCT GAAAAGGTGTTGCTCCATT
ATGTTTTTATTTAATAATGIGTGAAAGGAAAATGCTATTCTG - --------------- -

ATGTTTTTATTTAATAATGE GTGAAAGGAAAATGCTATTCTG - - -~ - - -~ - - -~ - - -

Figure A.7: Alignment of the nucleotide sequences of Arabidopsis KNAT1(hd-),
KNAT]1 full length mRNA and KNAT1 gene. (page 3)
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DYERFEE Semecesm s e e e e e e s S e S c e s See S eEEEe SRS e e SRe s Se e s Se e
e e e o i e e e e e e e e v e e e
DYERGEa ] Eemecesm s e e e e e e s S e S c e s See S eE e Ee SE e e e SR e Se e s Se e
Sooensus | BOSGANGGaGN NNy arhgaens sasasal ke Kl Vanpaysa T aay doqRvgappavl
DR R TR Bl e o e e e e e e e e e e

NP_001105331. 1 ERLTANAAKLDASAAGRHEFRDPELDCFMEAY CNMLVKYREELTRPI DEANEFLKRVEAQ
consensus er|tarmaakl dasaagr heprdpel dgf meavenmlvkyreeltrpi deamef | kr veaq

DY236300. 1 - - - - - - o - e oo EDDMDPNGRENDPPE| DPRAEDKELK- - - - - -

NP_001105331.1 Cl SGGGGSSSAR l!E._llEDDMDPNGFiENDPPEI DPFEAEDKEL_
consensus FEClsggggsssarF!Fa g segvgssEDDMDPNGRENDPPEIDPRAEDKELKIH FEE

DY236300. 1 == = - - - - - - oo oo oo - YPSETEK| ALAESTGLDGCKQ

comsensus - yoaybeet R Pl R Rl ook E e eV ESETER ALAESTEEBEKE

CY236300. 1 | NNWE FTQRKRHWKPSECNP FVMNEGFHP CNAAAL YNDGPE NADGNY BL GS

NP_001105331. 1 | NNWFI NCRKRHWKPSECNMP FVMIVEGFHP CNAAAL YNDGPF NRDGVY BL GS

consensus | NNWF - - CEKRHWPSE CVP FVMIVEGFHP CNAAAL YNDGPF M- DGNY EL GS
]

Figure A.8: Alignment of the amino acid sequences of maize RS1 (NP_001105331.1)
and deduced amino acid sequence of HD splice form mRNA (DY236300.1).
Conserved domains are indicated as follows: KNOXT1; yellow - KNOX2; blue - ELK; red
— HD.

140



OY236300. 1

NW_001111861.

cConsensus

OY236300. 1

NM_001111861.

consensus

CY236300. 1

NW_001111861.

consensus

OY236300. 1

NW_001111861.

consensus

OY236300. 1

NM_001111861.

consensus

OY236300. 1

NN _001111861.

cConsensus

CY236300. 1

NM_001111861.

consensus

CY236300. 1

NW_001111861.

cConsensus

OY236300. 1

NN _001111861.

cConsensus

CY236300. 1

NM_001111861.

consensus

OY236300. 1

NM_001111861.

consensus

CY236300. 1

NW_001111861.

consensus

OY236300. 1

NW_001111861.

cConsensus

OY236300. 1

NM_001111861.

consensus

CY236300. 1

NW_001111861.

consensus

—————————— GAAGATGACATGGACCCGAATGGTCGCGAGAACGATCCGCCGGAGATTGA
TGGCTCTTCTGAAGATGACATGGACCCGAATGGTCGCGAGAACGATCCGCCGGAGATTGA
—————————— GAAGATGACATGGACCCGAATGGTCGCGAGAACGATCCGCCGGAGATTGA

CCCACGAGCGGAGGACAAGGAGCTCAA- - - - = == == - = mm oo m e em oo oo
CCCACGAGCGGAGGACAAGGAGCTCAAGT ACCAGCTGCTGAAGAAGT ACAGTGGCTACCT
CCCACGAGCGGAGGACAAGGAGCTCAA- - -~ = === == === == mmmmmmm e m oo

--------------------------------------------- GTACCCTTCAGAGAC
CAGGCAGAAACTCCTCCACT GGT GGGAGCTGCACTACAAGT GGCCGTACCCTTCAGAGAC
--------------------------------------------- GTACCCTTCAGAGAC

GGAGAAGATTGCGCTCGCAGAAT CAACGGGCCTAGACCAGAAGCAGATCAACAACT GGT T
GGAGAAGATTGCGCTCGCAGAAT CAACGGGCCTAGACCAGAAGCAGATCAACAACTGGT T
GGAGAAGATTGCGCTCGCAGAAT CAACGGGCCTAGACCAGAAGCAGATCAACAACTGGTT

CTTCAACCAGAGGAAACGGCACT GGAAGCCAT CGGAGGACATGCCTTTCGTGATGATGGA
CATCAACCAGAGGAAACGGCACT GGAAGCCAT CGGAGGACATGCCTTTCGTGATGATGGA
C- TCAACCAGAGGAAACGGCACT GGAAGCCAT CGGAGGACATGCCTTTCGTGATGATGGA

AGGCTTCCACCCGCAGAACGCCGCTGCTCTGTACATGGACGGGCCGTTCATGGCCGACGG
AGGCTTCCACCCGCAGAACGCCGCTGCTCTGTACATGGACGGGCCGT TCATGCGCGACGG
AGGCTTCCACCCGCAGAACGCCGCTGCTCTGTACATGGACGGGCCGTTCATG- - CGACGG

TGTARCGCCTCGGTTCAT GAACTACACACT TCCATGGAC- - GACT GTGGGGGCCTATC
TGTABCGCCTCGGTTCATGAACTACAC- - TTCCATGGACACGACT GTGGGG- CCTATC
cATGTAt CGCCTCGGTTCATGAACTACAC- - TTCCATGGAC- - GACTGTGGGG- CCTATC

CATTCGTCGGCCCGTGGCAGTATATT GTTGCEGT GCAA
CAATCGTCGGACAGTGGCAGTATATT TGTACCAGGACCAGGATGEGT TGCHAGT GCAA
CA- TCGTCGGE C- GTGGGAGTATATTt-a----------------- Gt GT TGCgGT GCAA

GGACATTGTTGTGGAATTTTTGT TGCTGATTGCCAAGGGGET GGGTCGGTCGAT GTAGCGT
GGACATTGTTGTGGAATTTTTGT TGCTGATTGCCAAGGGGT GGGTCGGTCGAT GTAGCGT
GGACATTGTTGTGGAATTTITTGT TGCTGATTGCCAAGGGGT GGGTCGGTCCGAT GTAGCGT

CTATGCATGGCTTGTAGTTCTCCTGTAATGTTGTTGTTAATTTCCGCTTGGCGGCTTGT A
CTATGCATGGCTTGTAGTTCTCCTGTAATGTITGTTGTTAATTTC- GCTTGGC- - - TTGTA
CTATGCATGGCTTGTAGTTCTCCTGTAATGTTGTTGTTAATTTC- GCTTGGE- -- TTGTA

ATCTAGGTGTATTTCTGGAACTT GAATCCTGGGTGATTAAT CCGGCAAGCAGCTGCCTGT
ATCTAGGTGTAT- - CTGGAACT T GAATCCTGGGT GATTAAT CCGGCAAGCAGCTGCCTGT
ATCTAGGTGTAT- - CTGGAACTTGAATCCTGGGTGATTAAT CCGGCAAGCAGCTGCCTGT

TTGTATGATTGTATGGT TCGGGT TGGTGGAACATGATGCAT GCTAAGGCGTGGCCT GTCT
TTGTATGATTGTATGGT TCGGGT TGGTGGAACATGATGCAT GCTAAGGCGTGGCCTGTCT
TTGTATGATTGTATGGT TCGGGT TGGTGGAACATGATGCAT GCTAAGGCGTGGCCTGTCT

GGATCAAAAAAAAAGAAGATGTCTTTTGTCCC

Figure A.9: Alignment of the nucleotide sequences of maize RS1(hd-) (DY23600.1)
and RS1 full length mRNA (NM_0011118.1).
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KNAT[ knox-
NP_192555
CONSensus

KNAT[ knox-
NP_192E555
CONsensus

KNAT[ knox-
MP_192555
CONSensus

KNAT[ knox-
NF_192E555
CONSensus

KNAT[ knox-
NF_ 192555
CONSensus

KNAT[ knox-
NF_192555
CONSensus

KNAT[ knox-
NP_192555
CONSEensus

WEEYCHENS TTPCR- - - - - - - = - - oo s o o o o o e e o e oo — o -
WEEYCHEONSTTPCRVMSFLYSP| SSSNKNONTSDTNNMNNNNNSSNY GP GYNNTNNNMHHH
NEEYCHONSTTPCRv st | yspi sssnkndntsdtnnnnnnnnssnygpgynntnnnnhhh

CHMLFPHNSSLLPCTTENCFRSCHDCP NNNNNP SVKSEASSSRI NHYSNVLMEAI HNT CEA
ghml f phrssl | pgttencfrsdhdgpnnnnnpsvkseasssrinhysml mrai hnt gea

NNNNNDNVSDVEANKAKI | AHPHY STL LCAYLDCCK| GAPPDVVDRI TAARCDF EARCCR
nnnnndnvsdveankakiiahphystlIqayldchigappdedritaarqdfearqq&
[ 1

EAY COMLVKYREELTRPI CEANEF| RRI ESCLSNLCCSPI HI
STPSVSASSREPELDCEMEAY CCMLVKYREEL TREPI CEANEF| BRI ESCLSNLCCSPI HI
FtnsvsassrdpeldenEAYCDNLVKYHEELTHPICEANEFIHHIESCLSNLCFSPIH

LNNPDGKSDNNGSSDEECENNSGGETELPEI DPRAECRELKNHLL KKY SGYLSSLKCELS
LNNPDGKSDNNWGSSDEECENNSGGETELPEI DPRAECRELKMNHLL KKY SGYLSSLKCELS
LNNPDGKSDMWGSSDEECENNSGGETELPE|I DPRAECRELKNHLL KKY SGYLSSLKCELS

I

KKKKKGKLPKEARCKLLTWAELHYKWPYPSESEKVALAESTGLDCKCI NNWEI NCRKEHW
KKKKKGKLPKEARCKLLTWAELHYKWPYPSESEKVALAESTGLDCKCI NNWFI NCRKRHW
KKKKKGKLPKEARCKLL TWAELHYKWPYPSESEKVALAESTGLDCKCI NNWEI NCRKEHW
I —

KPSEDNCENMYINDGL QGHPHHAAL YNDGHYNGLGP YRL GP
KPSEDNCENMVYNDGL QHPHHAAL YNDGHYNGCGP YRL GP

KPSEDNMCFMYINDGL CHPHHAALYNDGHYNGDGP YRL GP
|

Figure A.10: Alignment of the amino acid sequences deduced from KNAT1(knox-)
and Arabidopsis KNAT1 (NM_116884).

Conserved domains are indicated as follows: green - KNOX1; yellow - KNOX2; blue -
ELK; red — HD.
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N 116884 3 CCTTGACGAATTCTATATACCTAGTTCGTTTTTTCTTCCTCAAATATATCTTTTTCAATT
T3 4
COMNSEMNSUS - - === === == - oo m oo oo oo o oo

N 116884 3 TATTTGGTTTTTCTTTGGGT GCAACT TCACCT CACAAAATTTTCTCTCTTTTTTTATATT
KNAT KN K- - o oo oo oo
COMSEMNSEUS == === === = o o s o s o mm o oo o s es e o-es-o--a--o--

NM_116884. 3 AATTTGAGTTAGGCCTTTTTGATTTCATAGATGAGTCGTCTAGT CGTCTGEATTTGATGT
KNAT KNCX- == === === === mmmmmmmmmmmmmmmmmmmon GAGTCGTCTAGTCGTCTGGATTTGATGT
COMSENSUS == === === === mmmmmmomommooe oo GAGTCGTCTAGTCGTCTGGATTTGATGT

NW_116884. 3 GGTTATAGTCTTACAGAGACCTTTGATTGAAATAAGAACAAAAGCAAGAATACATACATC
KNAT_KNCX- GGTTATAGTCT TACAGAGACCTTTGATTGAAATAAGAACAAAAGCAAGAATACATACATC
consensus GGTTATAGTCTTACAGACGACCTTTGATTGAAATAAGAACAAAAGCAAGAATACATACATC

NW_116884 3 CTCTTCATCTTACACCCATCCTTTTTTATTTTTCTAGGGTTTTATTTTTTTTTAATTTAT
KNAT_KNCX- CTCTTCATCTTACACCCATCCTTTTTTATTTTTCTAGGGTTTTATTTTTTTTTAATTTAT
CONsSensus CTCTTCATCTTACACCCATCCTTTTTTATTTTTCTAGGGTTTTATTTTTTTTTAATTTAT

NV 116884 . 3 TTTTTTTCTTTCATTTTTATATTCTCTCTCTCTCT CAAATCTTTACT CATCTGGGTATGE
KNAT_KNCX-  TTTTTTTCTTTGATTTTTATATTCTCTCTCTCTCT CAAATCTTTACT CATCTGGGTATGGE
CONsSensus TTTTTTTCTTTGATTTTTATATTCTCTCTCTCTCT CAAATCTTTACT CATCTGGGTATGG

NW_116884. 3 AAGAATACCAGCAT GACAACAGCACCACT CCTCAAAGAGTAAGTTTCTTGTACTCT CCAA
KNAT_KNCX- AAGAATACCAGCAT GACAACAGCACCACTCCTCAAAGA----------------------
consensus AACAATACCAGCAT GACAACAGCACCACTCCTCAAAGA--- - - - ----------------

N 116884 3 TCTCTTCTTCCAACAAAAACGATAACACAAGTGATACCAACAACAACAACAACAATAATA
KNAT KNG K- - o o oo oo oo
COMSEMNEUS - = == - === = m === = m m s s e o e oo

NM 116884, 3 ATAGTAGCAATTATGGTCCTGGT TACAATAATACTAACAACAACAATCATCACCACCAAC
KNBT KNOX- - - - - - - - T T T T T T T
o E- T R e I T

N 116884 3 ACATGTTGTTTCCACATATGAGCTCTCTTCTCCCT CAAACAACCGAGAATTGCTTCCGAT
723 4
CONSEMNSUS - - === === == - = oo m oo oo o o oo

N 116884 3 CTGATCATGATCAACCCAACAACAACAACAACCCATCTGTTAAATCT GAAGCTAGCTCCT
KNAT KNG K- - o o oo oo oo
COMSEMNEUS - = == - === = m === = m m s s e o e oo

NM 116884, 3 CAAGAATCAATCATTACTCCATGTTAATGAGAGCCATCCACAATACT CAAGAAGCTAACA
KNAT KNCX- - = - - mmmmmmmmmm oo oo oo T
COMSEMNEUS - = == - === == === = o m s m e e e oo

N 116884 3 ACAACAACAATGACAACGTAAGCGATGTTGAAGCCATGAAGGCTAAAATCATTGCTCATC
KNAT KNCK- == = == === = mm mmm mmm oo oo oo
CONSEMNSUS - - === === == - = oo m oo oo o o oo

NV 116884 3 CTCACTACTCTACCCTCCTACAAGCTTACTTGGACTGCCAAAAGATTGGAGCTCCACCTG
KNBT KNCX- == mmm mmm mmm mmm mm o mm o mmmm e e e m e e e mm e e e e
COMSEMNEUS - = == - === = m === = m m s s e o e oo

NW 116884 3 ATGTGGTTGATAGAATTACGGCGGCACGGCAAGACTTTGAGGCT CGACAACAGCGGTCAA
KNAT KNCKX-  m - mmmmmmmmmmm oo T
COMSEMNEUS - = == - === == === = o m s m e e e oo

NW_116884 3 CACCGTC- TGTCTCTGCCTCCTCTAGAGACCCGGAGTTAGATCAATT CATGGAAGCATAC
KNAT KN - - cm oo oo oo oo e oo GAAGCATAC
COMSERASUS == - s s s oo s o o e ot oo e e oo e os- oo GAAGCATAC

NW_116884. 3 TGTGACATGTTGGT TAAATATCGTGAGGAGCT AACAAGGCCCATTCAGGAAGCAAT GGAG
KNAT_KNCX- TGTGACATGITGGT TAAATATCGTGAGGAGCT AACAAGGCCCAT TCAGGAAGCAAT GGAG
cConsensus TGTGACATGTTGGT TAAATATCGTGAGGAGCT AACAAGGCCCAT TCAGGAAGCAAT GGAG
NW_ 116884 3 TTTATACGTCGTATTGAATCTCAGCT TAGCATGTTGTGTCAGAGTCCCATTCACATCCTC

KNAT_KNCX- TTTATACGTCGTATTGAATCTCAGCT TAGCATGTTGTGTCAGAGTCCCATTCACATCCTC
CONsSensus TTTATACGTCGTATTGAATCTCAGCT TAGCATGT T GTGTCAGAGTCCCATTCACATCCTC

Figure A.11: Alignment of the nucleotide sequences of Arabidopsis KNAT1(knox-)
and KNATT1 full length mRNA.
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AK107637.1
NNM_00105767 4
C16507. 1
Consensus

AK107837.1
NW_001057674
C16507. 1
consensus

AK107637.1
NNW_D0105767 4
D16507. 1
consensus

AK107637.1
NNM_00105767 4
C16507. 1
Consensus

AK107837.1
NW_001057674
C16507. 1
consensus

AK107637.1
NNW_D0105767 4
D16507. 1
consensus

AK107637.1
NNM_00105767 4
C16507. 1
Consensus

AK107837.1
NW_001057674
C16507. 1
consensus

AK107637.1
NNW_D0105767 4
D16507. 1
consensus

AK107637.1
NNM_00105767 4
C16507. 1
Consensus

AK107837.1
NW_001057674
C16507. 1
consensus

AK107637.1
NNW_D0105767 4
D16507. 1
consensus

AK107637.1
NNM_00105767 4
C16507. 1
Consensus

AK107837.1
NW_001057674
C16507. 1
consensus

—ﬂGIT.AGGT.AGGTGAAGGAGAGCTCGATCGCTGCACCAATACTTCACTGGAGATCGCC
GGAGAGCTCGATCGCT GCACCAATACT T CACTGGAGATCGCC
ABCHTHTEEGH TGEGE- AGGAGA GCTCGATCGCT GCACCAATACTT CACTGGAGATCGCC
-a-ctc-gc-c-gc-c- AGGAGAGCTCGATCGCT GCACCAATACT T CACTGGAGATCGCC

TAGCTGCAGCTAGCTAGCTTATCCTGCGTGTCTTGAGCTTCTCTCATGGAGGAGATCTCC
TAGCTGCAGCTAGCTAGCTTATCCTGCGTGTCTTGAGCTTCTCTCATGGAGGAGATCT CC
TAGCTGCAGCTAGCTAGCTTATCCTGCGTGTCTTGAGCTTCTCTCATGGAGGAGATCTCC
TAGCTGCAGCTAGCTAGCTTATCCTGCGTGTCTTGAGCTTCTCTCATGGAGGAGATCTCC

CACCACTTCGGGGTCGTCGGAGCCAGCGGCGTCCATGGCGGCCACCAGCATCAGCATCAC
CACCACTTCGGGGTCGTCGGAGCCAGCGGCGT CCATGGCGGCCACCAGCATCAGCATCAC
CACCACTTCGGGGTCGTCGGAGCCAGCGGCGT CCATGGCGGCCACCAGCATCAGCATCAC
CACCACTTCGGGGTCGTCGGAGCCAGCGGCGTCCATGGCGGCCACCAGCATCAGCATCAC

CACCACCCGT GGGETTCTTCCCTGAGCGCCATCGTCGCGCCGCCGCCEGCCGCCGCAGCTG
CACCACCCGTGGGGTTCTTCCCTGAGCGCCATCGTCGCGCCGCCGCCGCCGCCGCAGCTG
CACCACCCGTGGGGTTCTTCCCTGAGCGCCATCGTCGCGCCGCCGCCGCCGCCGCAGCTG
CACCACCCGTGGGGTTCTTCCCTGAGCGCCATCGTCGCGCCGCCGCCGCCGCCGCAGCTG

CAGCAGCAGCAGACGCAGGCCGGCG TGGCGCACACGCCGCTCACGCT ——————————
CAGCAGCAGCAGACGCAGGCCGGCGGCATGGCGCACACGCCGCTCACGCT
CAGCAGCAGCAGACGCAGGCCGGCGGEATGGCGCACACGCCGCTCACGCTGAACACGGCG
CAGCAGCAGCAGACGCAGGCCGGCGCEc ATGGCGCACACGCCGCTCACGCT----------

ACCTCGACTGCCAG

CCTCGACT GCCAG
GCCAAGATCATCTCCCACCCCCACTACTCCTCCCTCCTCGCCGCCTACCTCGACTGCCAG
ACCTCGACT GCCAG

AAGGTTGGGGCGCCGCCGGAGG T GGCGGCGAGGCTGACGGCGHTGGCGCAGGACCT GGAG
AAGGTTGGGGCGCCGCCGGAGG T GGCGGCGAGGCT GACGGCGETGGCGCAGGACCT GGAG
AAGGTTGGGGCGCCGCCGGAGGT GGCGGCGAGGCT GACGGCGETGGCGCAGGACCT GGAG
AAGGTTGGGGCGCCGCCGGAGG T GGCGGCGAGGCTGACGGCGy TGGLCGCAGGACCTGGAG

CTTCGCCAGCGCACGGCGCTCGGCGTCCTCGGCGCCGCCACGGAGCCEGGAGCTGGACCAG
CTTCGCCAGCGCACGGCGCTCGGCGTCCTCGGCGCCGCCACGGAGCCGGAGCTGGACCAG
CTTCGCCAGCGCACGGCGCTCGGCGTCCTCGGCGCCGCCACGGAGCCGGAGCTGGACCAG
CTTCGCCAGCGCACGGCGCTCGGCGTCCTCGGCGCCGCCACGGAGCCGGAGC TGGACCAG

TTCATGGAGGCGTACCACGAGATECTGGTGAAGT ACAGGGAGGAGCT GACGAGGCCGCTG
TTCATGGAGGCGTACCACGAGATGCTGGTGAAGT ACAGGGAGGAGCT GACGAGGCCGCTG
TTCATGGAGGCGTACCACGAGATECTGGTGAAGT ACAGGGAGGAGCT GACGAGGCCGCTG
TTCATGGAGGCGTACCACGAGATg CTGGTGAAGT ACACGGAGGAGCT GACGAGGCCGCTG

CAGGAGGCCATGGAGT TCTTGAGGA GGG TGGAGACGCAGCTCAACACGCTCT CCATCTCC
CAGGAGGCCATGGAGT TCT TGAGGA GGG T GGAGACGCAGCTCAACACGCTCT CCATCTCC
CAGGAGGCCATGGAGT TCT TGAGGAGGGT GGAGACGCAGCTCAACACGCTCT CCATCTCC
CAGGAGGCCATGGAGT TCT TGAGGAGGGTGGAGACGCAGCTCAACACGCTCT CCATCTCC

GGCAGATCGCTTCCGCAATATCCTTTCCT CCGGCT CTT CTGAGGAGGACCAAGAAGGTAGC
GGCAGATCGCTTCGCAATATCCTTTCCT CCGGCTCTTCTGAGGAGGACCAAGAAGGTAGC
GGCAGATCGCTTCGCAATATCCTTTCCT CCGGCTCTT CTGAGGAGGACCAAGAAGGTAGC
GGCAGATCGCTTCGCAATATCCTTTCCTCCGGCTCTT CTGAGGAGGACCAAGAAGGTAGC

Figure A.12: Alignment of the nucleotide sequences of rice OSH(knox-)
(AK107637.1, NM_001057674) and OSH full length mRNA (D16507.1).
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KNATZ DCC GAP AC| BEEI CRENHVYKRDVAP- BSCFGADPELDEFNMET
KMNATA DCC GAPFEMYD AAR FEAHCGHSTP SASSHDPELDCEMEA
CONSensus —YlDCGKvGAP gl---l-----@--------- Psl 5--- - DPELD- FNE-

KMNATSE DCC GAPFEBACLEBEEl CRESEBVYKCEVVPS- SCFGADPELDEFNMET
KMNATA DCC GAPPEND AARCEBFEBARCCRSTPSNMSASSHRDPELDCEFMEA
CONSensus AYlDCGKvGAPPE| ———————— g-d---G --P5SvS----DPELD- FME-

Figure A.13 Amino acid alignment of KNAT1 with KNAT2 and KNAT®6 in the
region of epitope binding.

Like KNATI, KNAT2 and KNAT6 belong to class I KNOX family of TALE HD
proteins. KNAT1 shows an overall identity and similarity of 44% and 66% respectively
with KNAT2 and 35% and 58% respectively with KNAT6 . At the N terminal end of this
region KNAT1 shows an identity and similarity of 71% and 100% respectively with
KNAT?2 and 80% and 100% respectively with KNAT6; and at the C terminal end of this
region KNAT1 shows an identity and similarity of 88% and 100% respectively with both
KNAT?2 and KNATAG6. The antibody (sc-19215) raised against 20 aa in this region of
KNATI detected additional band at about 35kD in the Western blotting, which
corresponds to the size of KNAT2 or KNAT6 proteins.
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KL40 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA

Kz 4 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GAT GGGGET T GAT AACCCA
KL 1 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
S16 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCC
K20 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GATAACCCA
KL 34 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GATAACCCA
KNS ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
KL22 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
sSz26 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GAT AACCCA
Sz23 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
KNG ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GAT GGGGT T GATAACCCA
KMN25 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
KL37 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
S14 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GATAACCCA
KN12 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GAT GGGGT T GATAACCCA
Kaz ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
K26 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GATAACCCA
KL 41 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GAT AACCCA
KNz & ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
KN12 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GAT GGGGT T GATAACCCA
S3o0 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
KA4 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
S20 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GATAACCCA
KA12 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GAT GGGGT T GATAACCCA
KA19 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
KA1OD ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GATAACCCA
Kasa ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGT T GAT AACCCA
K43 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
S18 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GAT GGGGT T GATAACCCA
Kl 11 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
Kl 1 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
KF10 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
Kl 14 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GAT GGGGET T GATAACCCA
Kl 4 ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGAT GATGGGGTT GATAACCCA
consensus ACATGGCAGAATATGGAGATGCTGGCGT CAGCTCGATGATGGGGTTGATAACCCA
KL40 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
K24 AGCCTGAGCAAAGCGAAAATATTATGTCCACCGAGGAT CCCAAGCTCGTTTTCATCATTCC
KL 1 AGCCTGAGCAAAGCGAAAATAT TAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
S16 AGCCTGEBGCAAAGCGAAAATATTAT GTCCACCGAGGAT CCCAAGCTCGTTTTCATCATTCC
Kzo AGCCTGAGCAAAGCGAAAATATTAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KL 34 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KNS AGCCTGAGCAAAGCGAAAATATTAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KL22 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTITTTCATCATTCC
S26 AGCCTGAGCAAAGCGAAAATAT TAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
Sz3 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KMNa AGCCTGAGCAAAGCGAAAATATTATGTCCACCGAGGAT CCCAAGCTCGTTTTCATCATTCC
KMN25 AGCCTGAGCAAAGCGAAAATAT TAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KL37 AGCCTGAGCAAAGCGAAAATATTAT GTCCACCGAGGAT CCCAAGCTCGTTTTCATCATTCC
S14 AGCCTGAGCAAAGCGAAAATATTAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KMN12 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
Kaz AGCCTGAGCAAAGCGAAAATATTAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
Kz6 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KL 41 AGCCTGAGCAAAGCGAAAATAT TAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KNz & AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KMN19 AGCCTGAGCAAAGCGAAAATATTATGTCCACCGAGGAT CCCAAGCTCGTITTTCATCATTCC
S30 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KA4 AGCCTGAGCAAAGCGAAAATATTAT GTCCACCGAGGAT CCCAAGCTCGTTTTCATCATTCC
S20 AGCCTGAGCAAAGCGAAAATATTAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KA12 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KA19 AGCCTGAGCAAAGCGAAAATATTAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
KA1D AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
Kasa AGCCTGAGCAAAGCGAAAATAT TAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
K43 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
518 AGCCTGAGCAAAGCGAAAATATTATGTCCACCGAGGAT CCCAAGCTCGTITTTCATCATTCC
Kl 11 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
Kl 1 AGCCTGAGCAAAGCGAAAATATTAT GTCCACCGAGGAT CCCAAGCTCGTTTTCATCATTCC
KF10 AGCCTGAGCAAAGCGAAAATATTAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
Kl 14 AGCCTGAGCAAAGCGAAAATAT TATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC
Kl 4 AGCCTGAGCAAAGCGAAAATATTAT GTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC

consensus AGCCTGa GCAAAGCGAAAATATTATGTCCACGAGGAT CCCAAGCTCGTTTTCATCATTCC

Figure A.14 Alignment of the nucleotide sequences of PtKN1 cDNAs showing alleles.
10 out of 29 PtKN1(HD+) sequences have G instead of C at position 118 downstream of
the start codon.

146



KL40 GCCGTTGGT TAAGACAAAAGCTTGCTCHGGTCTTCGTAATCAGTTTGAAT

Kz 4 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGT T TGAAT
KL 1 GCCGTTGGT TAAGACAAAAGCTTGCTCTGGTCTTCGTAATCAGT T TGAAT
S16 GCCGTTGGT TAAGACAAAAGCTTGCTCEBGGTCT TCGTAATCAGTTTGAAT
K20 GCCGTTGGT TAAGACAAAAGCTTIGCTCTGGTCT TCGTAATCAGT T TGAAT
KL 34 GCCGTTGGT TAAGACAAAAGCTTGCTCITGGTCT TCGTAATCAGT T TGAAT
KNS GCCGTTGGT TAAGACAAAAGCTTGCTCTGGTCT TCGTAATCAGT T TGAAT
KL22 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGT T TGAAT
sSz26 GCCGTTGGT TAAGACAAAAGCTTIGCTCTGGTCT TCGTAATCAGT T TGAAT
Sz23 GCCGTTGGT TAAGACAAAAGCTTGCTCIGGTCTTCGTAATCAGT T TGAAT
KNG GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCT TCGTAATCAGT T TGAAT
KMN25 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGT T TGAAT
KL37 GCCGTTGGT TAAGACAAAAGCTTGCTCTGGTCT TCGTAATCAGT T TGAAT
S14 GCCGTTGGT TAAGACAAAAGCTTIGCTCTIGGTCT TCGTAATCAGT T TGAAT
KN12 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCT TCGTAATCAGT T TGAAT
Kaz GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGTTTGAAT
K26 GCCGTTGGT TAAGACAAAAGCTTGCTCIGGTCT TCGTAATCAGT T TGAAT
KL 41 GCCGTTGGT TAAGACAAAAGCTTGCTCTGGTCT TCGTAATCAGT T TGAAT
KNz & GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGT T TGAAT
KN12 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCT TCGTAATCAGT T TGAAT
S3o0 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGTTTGAAT
KA4 GCCGTTGGT TAAGACAAAABCTTGCTCTGGTCT TCGTAATCAGT T TGAAT
S20 GCCGTTGGT TAAGACAAAAGCTTIGCTCTIGGTCT TCGTAATCAGT T TGAAT
KA12 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCT TCGTAATCAGT T TGAAT
KA19 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGTTTGAAT
KA1OD GCCGTTGGT TAAGACAAAAGCTTGCTCIGGTCT TCGTAATCAGT T TGAAT
Kasa GCCGTTGGT TAAGACAAAAGCTTGCTCTGGTCT TCGTAATCAGT T TGAAT
K43 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGT T TGAAT
S18 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCT TCGTAATCAGT T TGAAT
Kl 11 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGT T TGAAT
Kl 1 GCCGTTGGT TAAGACAAAAGCTTGCTCTGGTCT TCGTAATCAGT T TGAAT
KF10 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCTTCGTAATCAGT T TGAAT
Kl 14 GCCGTTGGT TAAGACAAAAGCTTGCTCTIGGTCT TCGTAATCAGT T TGAAT
Kl 4 GCCGTTGGT TAAGACAAAAGCTTGCTCTGGTCTTCGTAATCAGTTTGAAT
consensus GCCGTTGGT TAAGACAAAAGCTTGCTCE GGTCTTCGTAATCAGT T TGAAT
KL40 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TECGCT AAGCC
K24 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KL 1 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
S16 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
Kzo TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KL 34 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KNS TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATATTCCGCT AAGCC
KL22 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TECGCT AAGCC
S26 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
Sz3 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KMNa TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KMN25 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KL37 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
S14 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KMN12 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
Kaz TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATATTCCGCT AAGCC
Kz6 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KL 41 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TIICGCT AAGCC
KNz & TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KMN19 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
S30 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TECGCT AAGCC
KA4 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
S20 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KA12 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KA19 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATATTCCGCT AAGCC
KA1D TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
Kasa TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
K43 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
518 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
Kl 11 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TECGCT AAGCC
Kl 1 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
KF10 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
Kl 14 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TCCGCT AAGCC
Kl 4 TTCACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATATTECGCT AAGCC

consensus | [CACAGGGAACAACCCGGAAATTGCTACACAGATCAGTCCTCAAATAT TcCGCTAAGCC

Figure A.15 Alignment of the nucleotide sequences of PtKN1 ¢cDNAs showing alleles.
10 out of 29 PtKN1(HD+) sequences T instead of A at position 310 downstream of the
start codon.
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KL40 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTTABMAT CGACTGTCAAAAGAT TGGGG

K24 TAGCGCACCCACAGTATCCCGAGCTTCGTTGGGAGCTT MTCGACTGTCAAAAGAT TGGCGG
KL 1 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
S16 TAGCGCACCCACAGTATCCGAGCTTGTTGGGAGCTT ANT CGACTGTCAAAAGAT TGGGG
Kz0 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KL34 TAGCGCACCCACAGTATCCCGAGCTTGTTGGGAGCTT MT CGACTGTCAAAAGCAT TGGCGG
KNS TEGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTTABAT CGACTGTCAAAAGAT TGGGG
KL22 TAGCGCACCCACAGTATCCCGAGCTTCGTTGGGAGCTT MTCGACTGTCAAAAGAT TGGCGG
S26 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
sS23 TAGCGCACCCACAGTATCCGAGCTTGTTGGGAGCTT ANT CGACTGTCAAAAGAT TGGGG
KMN9 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KMN25 TAGCGCACCCACAGTATCCCGAGCTTGTTGGGAGCTT MT CGACTGTCAAAAGCAT TGGCGG
KL3T TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG

S14 TAGCGCACCCACAGTATCCGAGCTTGT T GGGAGCTT.
KMN18 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT.
Kaz TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT.
K26 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT.

AT CGACTGTCAAAAGAT TGGGG
AT CGACTGTCAAAAGAT TGGGG
AT CGACTGTCAAAAGAT TGGGG
AT CGACTGTCAAAAGAT TGGGG

e e e e e e e e S e S e e e e

KL 41 TAGCGCACCCACAGTATCCGAGCTTGT T GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KMN2& TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KN12 TAGCGCACCCACAGTATCCGAGCTTGT T GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
S3o0 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KA4 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
S20 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KA12 TAGCGCACCCACAGTATCCGAGCTTGTTGGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KA19 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KA1D TAGCGCACCCACAGTATCCGAGCTTGT T GGGAGCTTAMMT CGACTGTCAAAAGAT TGGGG
Kasa TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
K43 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
518 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
Kl 11 TAGCGCACCCACAGTATCCGAGCTTGTTGGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
Kl 1 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
KF10 TAGCGCACCCACAGTATCCGAGCTTGT T GGGAGCTTABMAT CGACTGTCAAAAGAT TGGGG
Kl 14 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
Kl 4 TAGCGCACCCACAGTATCCGAGCTTGTT GGGAGCTT. AT CGACTGTCAAAAGAT TGGGG
consensus TaGCGCACCCACAGTATCCGAGCTTGTTGGGAGCTTACMT CGACTGTCAAAAGATTGGGG
KL40 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
Kz 4 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
KL 1 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
S16 CTCCTCCAGAAGCTGT GGCCCGTTTCGGATGCTCT AACTCGCGAACECCAAGACCCACAAC
K20 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
KL 34 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
KNS CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
KL22 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
526 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
523 CTCCTCCAGAAGCTGT GGCCCGTTTCGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
KMN9 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
KMN25 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
KL37T CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
S14 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
KMN18 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
Kaz CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
Kze CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
KL 41 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
KMN2& CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
KN12 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
S3ao CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
KA4 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
S20 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
KA12 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
KA19 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
KA1D CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
Kasa CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
K43 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
518 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
Kl 11 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
Kl 1 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC
KF10 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
Kl 14 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCT AACTCGCGAACACCAAGACCCACAAC
Kl 4 CTCCTCCAGAAGCTGT GGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAAC

consensus CTCCTCCAGAAGCTGTGGCCCGTTTGGATGCTCTAACTCGCGAACa CCAAGACCCACAAC

Figure A.16 Alignment of the nucleotide sequences of PtKN1 cDNAs showing alleles.
13 out of 29 PtKN1(HD+) sequences T instead of A at position 579 downstream of the
start codon.

148



APPENDIX B

GENOMIC SEQUENCES

>5° Contig

GAGAAGTACAAGGGTCTCGAAATTTTGTAGGTCGCCTGGCCAAAGAGCTGATGTCTAGGATTTTTTTCACC
CAAATGCTGGCTGAATGCTGTGAAATAAATTAAAGGTTTTGAAGAAAGTGTTTCATGAATATGGAGCGTCT
GAATACAGCAGCTGCACAAGCCTCGTICTTCGCTTTATGGAGTTAACATGGCAGAATATGGAGATGCTGGCG
TCAGCTCGATGATGGGGTTGATAACCCAACATGAGCCTGAGCAAAGCGAAAATATTATGTCCACGAGGATC
CCAAGCTCGTTTTCATCATTCCATGGCCATGCCGATTGCCTTCTCTCAGCAGCAATGTTTCAGGGTTCTCA
AGGAGATCATAAGCTCAATCCACAGCCTGGGATGAACCAGCAGCTAGCCTCTGAGCAGTCTATCATGTCAG
ATTCGTCCATGCCGTTGGTTAAGACAAAAGCTTGCTCTGGTCTTCGTAATCAGTTTGAATTTCACAGGGAA
CAACCCGGAAATTGCTACACAGATCAGTCCTCAAATATTCCGCTAAGCCCCATAGTCACATCGTTAGCCTC
GCAGGCTCGAGGAGAAGCGCGGATGATACCGTCCTTGGATGCCAACAGTGCTCATTTCAATGTGGATAACG
AGGAGCATGCAATAAAATCGAAAATCTTAGCGCACCCACAGTATCCGAGCTTGTTGGGAGCTTACATCGAC
TGTCAAAAGGTAAAAGCAACTCGCATTAAACAATCGAAACTAGTCGTACGTGTTGCACTGTTTGTGAAGTG
TCAAAACCCTGGGATGTGTGCAAGTATGGGATCCGAATCTAGATTTACTTICTTGTTTTGCAGATGATGCTT
GTATTGCTGTTTCTTTTGTGTCATATTTTTAATGCCTTTGTCTGGAAAGTAACGCTAGTATCTACCATCAC
GGTTCCTGCCTGTCCAACCTTCCGGAAAAATTAGGGTTTTCTACTAAGAAAGCTATTGTATGCAGGGAACA
TTTAGGATTTTTTCATTTGCATAAATGTATGGGCATTTTTCTCTGTGAAATTTTCTTGTCACTAGGTTGTT
CCGACTGCTGCCATGAAATGAATTTTAACCTTTTGGCCGCACCTGCGACTCTTGTTTTTCCTTGTGGATGC
AGATTGGGGCTCTTCCAGAAGCTGTGGCCCGTTTGGATGCTCTAACTCGCGAACACCAAGACCCACAACGT
CGGACTGTGAGCATCGGAATGGACCCAGAACTCGATCAATTTATGGTAAAACTTTTCCTATCTTTTTTCAT
TTCCTCTTCTTACTACTGATGCTTAAATAATTGATCAGACACAAGAGTTTCCAAACACATTACTTGTGACT
ATTCTCTTAGTCGAAAATTGTAAAGAGGTCATATAACTACCACTGCCTGATTCTTTGAAAAAAGGTCAGAT
GGATTCGCTTCTAAAATTACTGAAAACAAGACTTGGTCAAAAGGATTCGCTTCTGAAAATACTGGAAAGCT
AAAAAAAGCACTCATGATGATGCATTCTTTCTTTACCAGGAGGCATACTGCGAGATATTGACTAAGTACCA
TGAAGAGCTTGCCAAACCTTTCAAAGAAGCAATGCTGTTTTTGAAGAAGATTGAAACCCAGTTCAACTCCC
TGGGAAAAGGAACGATAAGAATTTCTTCTCCAGGTAATACTCGCTTGCTTCATAAACATTTTTTACTTCTT
TTTTCTCCTATTGCTCCAATTAATTCTGCTTCATATCAACCCCACTATGTAAATTCACGTTATTCGGGAGA
TAAAACTTGAAGGAAATCAATGGGCTTCGAGAAAATCCAGTGAAAACCGAACTAGCTGTAAATTGCGTTAA
GTACAAGTCTAGACTGCCAAATGTAGATTATTAAATGTTGAGGACAAAAATCTCAGGGCCATGGACGATAT
CGAGGGATGGAATTTAAATGAAATTATTTGTTCTTATTATTTTTGGTGTCCTATATGCCACTATAATGGCA
AGACCTCAAATCATTATGGATATCATCAAGCCATGAAAGTCTTAGGGGGGTTTACAGAAAACCGCTGGGGG
GTTACTGTTACTATTCATCACTACTTTAAATATAAACCCAGTACTAAATATCCTGGTCGAAGGGGCTTACA
GGAAACCGCTGGGAGGTTAGTGTTCGTATTCATCGCTATTTTAAATATAAACACAGTACTAAATATTCACG
TCCTACATTAAGCATTATTATTTGGTGTCAATTAATGGAGATATAGTTGATAGCTTTCATTAGTGAGTGGC
ACTTATGGTTGTAGTACGTACAGCTAGTTGTAGACTGCTTTATATAGTCTAAGATGACATTCTAGTCTTAG
GCATATGACTTGTTGTAATGCCCAGACTTATTATACCGAGAATGGAAAATTATATGAAGAATACTAATGCG
ACCACTTAAAAGGCTACGGTATACCGTAGATTTATAATATTACATATTATACAATGAGAAGGAAGATTGCG
CCTTACATTTGTTATATAATGCAAGACCAAAGGACCCAAAATACAGTGATAGGAAAGCTTGGAACGTTCAT
TTTTCTTGAGATGGATTTATCCGAGGAAGATATATAACGCCCCAAGTTAGCACCCTAAACATCATCATGCT
AAAATGAAAGATTAACGATCCTAAAAGCAAGCAAATACCGTAAGTCTGTACATGAAATCTTCCCATTCACT
TTTTATCAAATTTCATGCTTCTACACATTTATTTGCATCCATTTCTCATGGCGCCACAATCAAGGAAAAAT
AAGTGAAACAATTCTATCAAGACCAAACACTTTACTTCTGCGTAATTATATTCAATGAGTTTTGTGGCATA
GTTATTTTGAACCATTAAATGTGTTATACTAATTAAACAACCTATATAATCAACCAGAAGTGATATTTGCC
ATCTCAACGAAAAATTGAACAAAAAAAATTGAAGGGATTCATTTATATTGGGCCATTAGTATGTGCATATA
AAGATTTTATGTGAATTTTATATATATGACAAATAAAGCATTGTATTIGGTGTTTATTTTTCTTGAGCTTTA
GGGTATGAGGCCTTTTGACGAGAAATATATCCATGAATGCTCATTGGGGTTGCAAAGATAAGTGGTTCTTA
ATAGTGTTTCATTGTGATTTATTAAATCCTTAATTTTTTATTGTATTCTATGAGAATTAAAATGTTTTCGA
TCTTACCTTAGGTCCAACGCTTGTTGTAGCAGTCCAGCCTTGCTGATCCAGATGAGCTCCTCCTTCACTTT
AAGACCTGCATACACTAACAAAGCAAACGATTACATAACATCTGAATATTCATCATAAAACAAAGCATATT
CATCACATAGACCAAGGAGTACATGAAATAATTCATTAACAACAAATCATTGAGAAGAATGGACTTATTTG
TATTAAATAATCAAAAAGGAACCATTACAGCCTAAGCCTTGGTGCTGTGCAAGCTCCTCCCAGGGTCCAAC
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AAGAGATTTCCTCTACTTTGACAAGCTCACCCACTCCCAATATGGCAAGAAGGAAGGATAGTGATCTCTCC
TCACAAGTCAACAATGGAAGTCCTAATTCCAGCAGCATTTACCCTTTAGAATGTTCAGCTTTCAACCTCCC
CTCCTTTGGCCCAATGCCIGTATTTATAGTATTCTAGAGGAGGTTATTCAGTTCCAACATCAATGGGATAC
TCCCTCTTTTGGATGGGGTAGCTCCTCTCTTGATGGGATAAGCTCCTATATCATAGGGATGCATGAACCAT
CTGGAGGCGCTCAATACACGTCAAAAACTCTTCTAGAAGGCTCTAGAAGTGACCACAAGTAACTTTTTAAA
GATGAAACTTCGCGCCCTTTTGACCTTTACAGGGGTATGCACCCATCCTTTGGCTTACAGAGCGTACAAGT
ACGCAGGTACAGTGTGTTTGGGGTGCGTACACGTAGGCAAGGTAGAGAGAATCTGCGTACCCAGAGATAAA
CATGTTTTTTAAGTGACTTITCICTCTTTTTGAAGTTTTTACATGAAGAGCAGAGGTATGAGGCTTGACAAG
GAGGATATTATGACTATTGATGGAGCCATATTAACTGCAGATAGTCATGGTGACAAATTTCAGTGTAACAG
ATTGCCCCCTAAAGTATGAAGCCTGTAATAGATAAGGGTGTTGTATCATATAGGAAAGGGTGAAGTACTTT
ATCATTTCGAGGATCATCTTGTGGAGAGCCCGGTCAGAACCTGCAATTTCCAACACAAAATACATGTATAA
GATTACATCATCACTGAGGTAGGCATTCCCATACTCAGATCAAAACTTTAACTATTGGACTAACTACTTCT
GGTACAAGAATGATTTTATAATACATCATAATCATAGACTCGTGTAGACACAGTATGGGCGCAGCCATCTG
TTTATGATTGGTCTACAACATAATGAATACAAAACTCCTCGCAGCCTGGATGGCAGAAACTAGATCCAGGG
TCTTCATTTCTGTTCCCCGAATTGGTACGATTCTAACCATGTGAATAAATGAGTCGATGTCGAACATGGTA
GAAATCACTTGATTACCAGTCAATGATGTAAACTGTTAACAAGTGTGGGAGAGACCACCAGTAATGTCAAT
GGTTCTCAAAGTACCCAGCACAATCCATGAGATGTGAATGAACGAATCGGCATCGAACATTTCATGGAATC
CTTCGATCGCAAGTCAATGATGAAAACTGACGTCGAAGGCAATAAACCTGCCATTGATGCATGCAGACTCC
AAGGTACTGACGATTCCCAAGTCAACTTTCTAGATAATGTGCTGATGTCGATAGAAAGCGACTCGTCGCAG
GCAAGCCCACAACGCGAAATCATAGTTCAAGTTGAGGAAATGTTGCTGTAAGGACTGACTCAATGATGGTA
TGATGAATGGTAGGTATTTTGCAATTGAATGTTTTGTTTCAGATCTCTTGAACACATAACGACACAACAGA
TGGTTTGGTGATAAATGACTCAATGTCGAATCCCATAACCCGGCTAAAAATGTCAAGTGATTTTGGTCAAC
TGTGAGGTAAAGGATTTCCCAACCCAGGTGAATGAACAAGCGTCGTGTTCAAGAGCGGTAGTAAGGTTTTT
CTTGAGACAAAAAGATATCAAATAGGCTCATTCTTICTCATITTTCCCCCACCATTTCTGGCAAGTACCTCT
TTATTTTTTACAAGCTTGAGGAGGATAACATATGCTCGTTTGTAAGCTCATCCTTCGGATGAGTCCAACTT
AGTTTTTGATGCGAACCCTAAGGAGGAGCGGTCCGTTCCTGTTTGTAATAGAACAGGTCCTTTACTGTGAA
ATTTTAACGAGTCCAGTATAGGAGAAACTCGACGCTTTTCATATTTAGAGAGTCTGAAAAACTTAAGAAGA
CTCCAGATTGAACTTTTTCATAAAGTTGTGTCTCCTAAGCCCGAAAAAGTATAAAATAATACCTAGGAGAA
CCGCTTGATCTTGCGACCAAGGAGTACTTTCATAATTAGTGTCTTTGACCTAAAAAGTAAAAAGCGATCAA
GGACACGTCATTTTATTTCTAATATCGAATTTGAAACGACAAAAACCCGGCAATATTTTCCTIGTTTTTAC
GGTCAGAAAAGGGCTATAAGGGGACCGTCTTTTAATTCCGTTTTAACAAGTGTAAAAGAAACGCTTGGCAA
TATTTTCTTATTTTGGGAGTCAGAAAAGGGCTTAAAAGATGACTTTGATATTTTGGTTTGTGAAAAATGAC

>3" Contig

TGATGCATTGTAGCCCGAGTCTTGAAAAATAAATTTAAAATCCCTCCGGCCATCCTCCGAGCTAAGTAATT
ACAGCATGGTGCTAGGCCAGTAAAATATGTGATTTTGATTCAACATGGTTCATGTCATCGAACTTTAGCTT
TGGCATGAGATTAAAATAATAAAATTGATAATGATTGCAGAGGTGGAAATACAGGAGAGAATAGATTCAAG
ATTGGCAATGGAGGCAACAGCGCTTCTCATCATTTATTAACAGTTGAATAAACTACATACGAGACAAGTAA
ACAAACCGCAATAAATCCCAACTTAAACTCAACTAATTTAACTAAATCACAACTGACTATGGCACCTAGCA
CCAAACAGACACTTAAATTAATGTTCTCAACAAAAATATAGTTGTGGATGAAGCATTTGCAACTGTTGCTG
AATTTCTTCTTCATCTGTTTTACAGATGGTTTTAAATTTTCATCCACTGTTCCATATCACCTATAACCAGT
GGGGACTGTTATAGGCCTAATTTAGTACAAGAAGTGGGACCTATTTTAGTAACTTTGGCTTAGTACGTTTG
TGTCCCTGTGTATTATTTCCAGCTTATAGCCTTAATTTAGTACAAGAAGTGGAGGCAATTTTATTAAATTT
AGCTTAGTTCGTTTGTTTCCCTGCGTATTCTTTTCAACAAAGAGATGTCTTTAATTTATTATTACTACTTT
TCGCAGCTGACGATGACGAAAAGACGGAGGGAGGTGGATCTTCGGAGGAGGTCGAGAACGGCAGTGGTGGT
GAAACGGATTTCCTGGAAGTGGATCACCATGCAGTAGAGGATAGGGAGTTAAAAAATCATCTCCTTCGCAA
ATACAGTGGATATTTGAGTAGTCTAAAACAGGAATTCATGAAGAAGAAAAAGAAAGGAAAGCTCCCTAAAG
ATGCACGGCAAAAGTTACTCGATTGGTGGAGTCTGCACGACAAGTGGCCTTATCCTTCGGTATGATTTCTC
ACTGTAAATTTTGTTTCGTTTTTGTCTTTGAGAAGTGCCCCCACTTTATGATATTTGTAACTAAAGGCAAA
ACCAGTATTTTACTCATGCAATGAGTTAATGTCTTCTTTTGCCATTGCAGGAGACGGAGAAAATAGCTTTG
GCTGAATGCACGGGGTTGGATCAAAAACAAATAAATAATTGGTTTATAAACCAAAGAAAACGCCACTGGAA
GCCTTCTGAAGATATGCACTTCATGGTAATGAACAGTCACAGTCCTCACAGTGCTGCCTTGTATGTTGAGA
GACATATGATGACTGAAGGGTATCTTTAGATTGCTAGATTGCTAGAAAGAACCTTCGGCTGAAAACAGCAC
ACAATGCTATTGCTTTTGTTGTATTTAATTGGCATGGCTTTCAATTTTCTTTCCCTTTTTTATTGGTAAGT
AAAAACTTCAAATTTATATAAAAAGGAAAGATAAAAAATAGTAATGACCCATATGCAAAGAAAAAGGTTTA
AAAGAGTGGGGAGTTACACACAGCCATAAAATGCCAGATATCGAGCAGGTACAATTCGTAAACTAAAAGGA
TAGGAGAAGAAAACAAATTTAAAAGGGAAATAAAGTATAACACTTCGGCACTAGATCAGGTAGTCCTAATT
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GCCGAGAGCAGTAAAACCCTAACGGCCAAGCTAGCGTTAAACTAGTAAAACCCTAACGGCCAAGCTAGCGT
TAAACTGAACGAGCTTAACACAGAGGCATTGTGTCAACCGCTTCTGGGCCCTGGCACTCTCTCTCCCTCAG
GAACGATATTGGAAGAAGCTAAGTTAAAGTTGTATGCACACTTCGTAATTTTCTGACTTTTGGAAGTAAGT
TAATCTGGAATTTTCCATTCGAGTGGTTCCTTTGTTACTAATCTCCATGGACTTTTAATCTTGATGGATTT
ATATTTTTCTTTTATATTATCGTCTC

>Promoter
AAAAAACAATTTTTATACTGCTGCTTTGAAAACTGAAAATGGATTTTGAATGCTCTGCCCGTCACTTCACT
GCTCCAGGCAACATGAATGGGCAGGTGGACGGAGGTGTGGCCTCGGGGTCAGCCGTCATTGTCATCGTCGG
CGCCCGATATGGCATAGCACCGCCCCCTGCCGCTGGCCGCGCTGTTAACCGTCATTCTCATCGTCGGCGCC
CGACATGGCATAGCACCGTCCCCCGCGGCGATCCACGTACGTGTAGCTGATCGCTTACAATCTGCTCTCCG
CACGTGACTAACAGAGGCGATTTATTACTGGTTGAGGTGTGGGGCAAGGGTCAGGGGTGGAGTATGTCATT
CACGAGCTCGTAGTTCGAGAAGGTAGAGAGAAAAGTATTTGGTTTGTAAGCGGTGGCGTGGGGAGCGAGGG
GCTGTCGGTTTATTTCCTGTTGAGGCGACACCGTCTTCCAAAAAAGAACTCGAAAATCAAGACAGAGTGGA
GGATGTTGAGGTGGAGTTGCGACTCTCAAGAACGAAGGGGGAAGAGGTTGGGCAATATTTATGAATATAGT
AGTACAGAGGAGTCAGGTTAGGGAGATCCTGAGGGATTCCCTTGAATGCAAACAGTACGTTTTTGGTACTT
TGAACAGATTAAACTATTCGCTGAGCCTATCGACCTTTGTTGTGTCAGCGTCGCCGGGAATGACCAGAACA
GCCCAGCCCCCGGGGGATCGGGGATTTGGGAAAATGGAGAGCTGGCGGCGAAAGAAGAATAAGGGATTTTA
ACATTTACTAAGTTAAAGAAGCAGAGATTTTAAGGTTTAAGGTTTACTAAGTTATGGAAGAAGAAGGAGAA
GTGATTTCAAAGTTTATAGGTTAAAGAAGAAGATATTTTAATTTTTATCAAGTAAAGGAAAATATATTTTA
ATGTTTACTAAGTTAAAAATAATTTATAAGAAAAATTGTTTTTTATCTGATTTTATATTCAACTTGTTTTC
TTAACCAACGTCACACTAACTATTTGGCTATCTAATTTTTCCATTCAACCCTTTTCCTATACAACTTGGAC
AATAAATTTAACACTTTTCTTATACAACCCGACAAAAAGCTTTCCTAATTTCTCAATATTCTCCTCACCAC
ATAAATTACCCAAATTACCATGAACTAGTTATCAGGATAACTGTCATACTTTTGAAAGCCTCACATCCTAA
AAATGAAATGGGCGTTGGGCATATACTTTGCTTTGCTGTTTTCTGGGTCGGAGACGCGGGTGCGGGTCACT
GCAAGACAAGATGCTGCAAGTGGTGGTGGTGTGTGGGTTTTGTTGTACTGGGCCAGCATGATTTTGTTCGG
AGGATTGCACTGCAGCTGAACATTAAGACAGGCCACATGATTTTGAAAAGGAAAGGAAAAGACATAACGGC
ATCTCTGTTGGGATCCAGAATTGAGAAAGGGACGCTGGTCGGTTTCCACAATGAATGAATGAAGGCCACCA
GTGCATATGAGACTTTCTCTTCTATTTGTAGAGGATAAGTCGGGGATTGAAATATATGTTCGCCAACAGAC
TGACAAGAGGAAACTTAGAGCCTATGGACTGCCGATGAAATGGGAGAAGTACAAGGGTCTCGAAATTTTGT
AGGTCGCCTGGCCAAAGAGCTGATGTCTAGGATTTTTTTCACCCAAATGCTGGCTGAATGCTGTGAAATAA
ATTAAAGGTTTTGAAGAAAGTGTTTCATGAATATGGAGCGTCTGAATACAGCAGCTGCACAAGCCTCGTCT
TCGC
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APPENDIX C

PROTOCOLS

RNA isolation by TRI reagent

(TR-118, Molecular Research Center, Inc.)

Embryos from different stages of pine embryo development, early stages 1-4, middle
stages 5-8, and late stages 9.2-9.3, 9.4-9.5, 9.6-9.7 and 9.8-9.9 were pooled separately
and RNA was isolated using TRI-reagent protocol.

1)

2)
3)

4)
5)
6)
7

8)
9)

Powder the tissue and add 1000 TRI Reagent (TR-118, Molecular Research
Center, Inc.).

Store at room temperature for 5 minutes.

Add 100 ul BCP (1-bromo-3-chloropropane, ACROS) and vigorously shake for
15 seconds.

Store at room temperature for 15 minutes.

Centrifuge for 15 minutes at 14,000 rpm at 4°C in the Beckman F2402 rotor.
Collected the aqueous phase for RNA isolation into a DEPC treated 1.5 ml tube.
Add 250 pul of isopropanol and 250 ul high salt precipitation buffer (0.8 M
sodium citrate and 1.2 M NaCl).

Mix by inverting and store for 5-10 minutes at room temperature.

Centrifuge for 10 minutes at 14000 rpm at 4°C.

10) Wash the pellet with 1.0 ml 75% ethanol.
11) Centrifuge for 5 minutes and air-dry in the fume hood about 5 minutes.
12) Resuspend the pellet in 30ul RNAse/DNAse-free water and incubated for 10

minutes at 55°C.

SMART RACE

(Rapid Amplification of cDNA Ends - Clontech, MountainView, CA)

Once RNA was isolated from different stages of pine embryos, RACE ready cDNA was
prepared using SMART RACE amplification kit.

1)
2)

3)
4)
5)
6)

7

500ng of RNA was used for each pooled stages.

For 3° RACE ready cDNA, add 1ul of 3° CDS primer to 1-3ul of RNA sample
and make up the volume upto Sul with water.

For 5° RACE ready cDNA, add 1ul of 5° CDS primer and 1ul of SMART IT A
oligo to 1-3ul of RNA sample and make up the volume upto Sul with water.

Spin briefly in a microcentrifuge to collect the volume at the bottom of the tube.
Incubate the tubes at 70°C for 2 minutes and then cool them on ice for 2 minutes.
Add 2ul of 5X first-strand buffer, 1ul of DTT, 1ul of ANTP and 1ul of powerscript
reverse transcriptase.

Spin briefly in a microcentrifuge to collect the volume at the bottom of the tube.
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8)
9)

Incubate the tubes at 42°C for 1.5 hours.
Add 100ul of Tricine-EDTA buffer and heat the tubes at 72°C for 7 minutes.

10) Store the samples in -20°C.

DNA and gel purification

Once the PCR products are run on gel to confirm the size of the band of interest, either
the band is cut out of the gel or remaining PCR products are purified using either of the
following kit for cloning.

(QIAquick kit from Qiagen - Valencia, CA)

1)

2)
3)
4)
5)

6)
7)
8)

Add 3 volumes of the buffer QG to 1 volume of gel and incubate at 50°C for 10
minutes or until gel melts or add 5 volumes of buffer PBI to 1 volume of the PCR
product.

Transfer the mix to QIAquick column and centrifuge at 14000 rpm for 1 minute.
Discard the flow-through collected in the collection tube.

Add 750ul of buffer PE and centrifuge at 14000 rpm for 1 minute.

Discard the flow-through and centrifuge at 14000 rpm for 1 minute to remove
residual ethanol.

Transfer the column to clean 1.5ml microcentrifuge tube.

Add 30ul of buffer EB and let the column stand for 1 minute.

Centrifuge at 14000 rpm for 1 minute and the volume collected is the purified
DNA.

(Wizard SV gel and PCR clean up kit from Promega - Madison, WI)

1)

2)
3)
4)
5)
6)
7

8)
9)

Add 1 volume of the DNA binding solution to 1 volume of PCR product or to 1
volume of gel and incubate the gel containing mix at 50°C for 10 minutes or until
gel melts.

Transfer the mix to SVmini column and centrifuge at 14000 rpm for 1 minute.
Discard the flow-through collected in the collection tube.

Add 700ul of column wash buffer and centrifuge at 14000 rpm for 1 minute.
Discard the flow-through.

Add 500ul of column wash buffer and centrifuge at 14000 rpm for 5 minutes.
Discard the flow-through and centrifuge at 1400 rpm for an additional minute to
remove residual ethanol.

Transfer the column to clean 1.5ml microcentrifuge tube.

Add 30ul of nuclease free water and let the column stand for 1 minute.

10) Centrifuge at 14000 rpm for 1 minute and the volume collected is the purified

DNA.
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Cloning

(pGEM-T or p-GEM T Easy vector system from Promega - Madison, WI)

Ligation
1) Once the DNA is purified it is cloned into pPGEM-T Easy vector.
2) Add the following into a 0.5ml microcentrifuge tube - Sul Rapid Ligation Buffer
+ lul of pPGEM-T or T Easy vector + 3ul of purified DNA product + 1ul of T4
DNA Ligase.
3) Incubate overnight at 4 °C.
Transformation
1) Take 2ul of ligation mix into a 1.5ml microcentrifuge tube and add 30ul of IM109
competent cells to it.
2) Incubate on ice for 20 minutes.
3) Heat-shock the cells at 42 °C for 45 seconds.
4) Immediately put them back on ice and incubate for 2 minutes.
5) Add 950ul of SOC medium to the tube and incubate at 37 °C for 1.5 hour while
shaking.
6) Centrifuge at 2000 rpm of 10 minutes.
7) Discard the supernatant and add 200 ul of SOC to the pellet.
8) Spread 100ul of cells on 2 LB Agar plates containing Ampicillin, IPTG and X-
Gal each at a final concentration of 100pug/ml.
9) Incubate the plates overnight at 37°C. The white colonies that appear are the ones
with insert and blue colonies are empty vector.
Colony PCR
(GoTaq Green Master Mix from Promega - Madison, WI)
1) Prepare master mix of 50 ul as follows — 25ul of the green mastermix + 23ul of
H20 + 1ul T7 primer + 1ul SP6 primer.
2) Aliquot 10ul of the mix into PCR tubes for each colony to be checked.
3) Touch a white colony with sterilized toothpick then touch onto a LB-Agar plate
and then dip it into the PCR mix.
4) Repeat the same for as many colonies to be checked.
5) Run the PCR in Eppendorf thermocycler and run on gel when ready. Grow the

colonies overnight at 37 °C.

Plasmid preparation and purification

(Wizard SV minprep kit from Promega - Madison, WI)
Prepare bacterial culture

1)

2)

Take 2ml of Terrific Broth into a 15ml falcon tube and inoculate colony of
interest in sterile conditions.
Incubate at 37°C for 16 hours.
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3)

4)

Transfer 500ul of the culture into a 1.5ml microcentrifuge tube and add 500ul of
LB-Glycerol and flash freeze in liquid nitrogen. Store the glycerol stock at -80 °C.
Use the remaining culture to purify plasmid.

Plasmid purification

1)
2)
3)
4)

5)
6)
7)

8)
9)

Centrifuge the culture at 2000 rpm for 5 minutes.

Discard the supernatant and add 250ul of resuspension solution.

Vortex carefully and transfer into a 1.5ml microcentrifuge tube.

Add 250ul of cell lysis buffer. Mix by inverting 4 times and incubate at room
temperature for 1-5 minutes.

Add 10ul of alkaline protease solution. Mix by inverting 4 times and incubate at
room temperature for 5 minutes.

Add 350ul of neutralization buffer. Mix by inverting 4 times and centrifuge at
14000 rpm for 10 minutes.

Transfer the supernatant into a SVmini column placed over a collection tube.
Centrifuge at 14000 rpm for 1 minute.

Discard the flow-through. Add 750ul of column wash buffer and centrifuge at
14000 rpm for 1 minute.

10) Discard the flow-through. Add 250ul of column wash buffer and centrifuge at

14000 rpm for 1 minute.

11) Discard the flow-through and centrifuge at 14000 rpm for an additional minute to

remove residual ethanol.

12) Transfer the column to a fresh 1.5ml microcentrifuge tube and add 30ul of

nuclease free water to the column.

13) Let the column sit for 5 minutes at room temperature and then centrifuge at 14000

rpm for 1 minute.

14) The volume collected is purified plasmid. Measure absorbance at 260/280nm.

Protein isolation by TRI reagent

(TR-118, Molecular Research Center, Inc.)

Embryos from different stages of pine embryo development, early stages 1-4, middle
stages 5-8, and late stages 9.2-9.3, 9.4-9.5, 9.6-9.7 and 9.8-9.9 were pooled separately
and protein was isolated using TRI-reagent protocol.

1)

2)

3)
4)

5)

Tissue was powdered followed by addition of 1000 ul TRI Reagent (TR-118,
Molecular Research Center, Inc.) then stored for 5 minutes at room temperature.
100 ul BCP (1-bromo-3-chloropropane, ACROS) was added and vigorously
shaked for 15 seconds then stored at room temperature for 15 minutes followed
by centrifugation for 15 minutes at 14,000 rpm at 4° C in the Beckman F2402
rotor.

Collect the organic phase (phenol-ethanol) at the bottom collected into a
microfuge tube.

Add 3 volumes of acetone to precipitate proteins.

Mix by inversion for 10-15 seconds to obtain a homogeneous solution.

Store the samples at room temperature for 10 minutes.
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6) Centrifuge at 12,000 g for 10 minutes at 4 C to precipitate the protein.

7) Decant the supernatant and add 0.5 ml of 0.3 M guanidine hydrochloride in 95%
ethanol + 2.5 % glycerol (V:V) to the pellet.

8) Disperse the pellet using a pipet tip and by vortexing.

9) Add another 0.5 ml of the guanidine hydrochloride/ethanol/glycerol wash solution
to the sample and store at room temperature for 10 min.

10) Centrifuge the protein at 8,000 g for 5 min and decant the wash solution.

11) Repeat the wash two more times in 1 ml each of the guanidine/ethanol/glycerol
wash solution.

12) Disperse the pellet by vortexing after each wash to efficiently remove residual
phenol.

13) Wash in 1 ml of ethanol containing 2.5 % glycerol (V:V).

14) Store at room temperature for 10 min.

15) Centrifuge the protein at 8,000 g for 5 minutes.

16) Decant the supernatant and air-dry the pellet for 7-10 min at room temperature.

17) Add 200-1000ul sample buffer sample buffer containing 10% glycerol, 2% SDS,
5% b-mercaptoethanol depending on the pellet size.

18) Solubilize the pellet by flicking the tube or pipetting.

19) Store the protein sample at -20°C

Protein Concentration Assay

Biorad Protein Assay buffer was used to measure protein concentrations.
1) Dilute the dye reagent to 1X concentration.
2) Prepare BSA (Bovine Serum Albumin) standards (0.25, 0.5, 1.0, 1.5, 2.0 mg/ml)
and protein samples for reading - 20ul of each in 1ml of the diluted dye reagent.
Use water for blank.
3) Incubate for 5 minutes at room temperature and measure absorbance (triplicate)
using a spectrophotometer at visible light setting.

Western Blotting

Protein Gel
1) Use 4-20% precast protein gel from Biorad separate proteins by electrophoresis.
2) Load 15ug of protein samples to the well and load the marker
3) Run at 100-120 V for 1hour or more until the dye marker reached the bottom.

Protein Transfer
Mini Trans-Blot system from bio-rad was used for protein transfer.
1) Presoad 2 filter pads, 6 filter papers and a nitrocellulose membrane (slightly larger
in size than the gel) in transfer buffer for 15-20 minutes.
2) Presoak the gel in transfer buffer for 15-20 minutes.
3) Assemble sandwich in order as indicated below on one side of the transfer
cassette. Roll a test tube over after putting the filter papers, membrane and gel to
remove the bubbles.
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Filter pad

Whatman filter paper

Nitrocellulose paper

SDS-PAGE gel

Whatman filter paper

Filter pad

4) Close the transfer cassette, place it in the electrode module and put the module in
the buffer tank filled with pre-chilled transfer buffer.

5) Place the frozen bio-ice cooling unit next to the module. Add a stir bar to keep
buffer temperature even.

6) Put the lid on the tank and hook up the leads (negative to negative and positive to
positive) with the membrane being on positive side and gel on negative.

7) Set the transfer at 20 V for overnight at 4°C.

e a0 o

Blotting
1) Block the membrane in blocking solution (5% non-fat dry milk in TBS-T) for 1

hour.

2) Rinse twice and wash 1 X 15 minutes and 2X 5 minutes in TBS-T.
3) Prepare 1° antibody solution — 1: 500.

4) Incubate the membrane in 1° antibody solution for 1 hour or more.
5) Rinse twice and wash 1 X 15 minutes and 2X 5 minutes in TBS-T.
6) Prepare 2° antibody solution (1:3000 — Goat Anti-rabbit antibody).
7) Incubate the membrane in 2° antibody solution for 1 hour.

8) Rinse twice and wash 1 X 15 minutes and 2X 5 minutes in TBS-T.

Note - Do all incubation and washes at room temperature.

Detection
Chemiluminescent detection
(Immun-Star Goat Anti-Rabbit (GAR)-AP Chemiluminescent Detection Kit)

Prepare detection solution — 3ml immune-star chemiluminescent substrate + 150ul
immune-star enhancer.

Incubate the membrane in the detection solution in a hybridization bag for 5 minutes at
37°C.

View the membrane in luminescent image analyzer and take a picture

Image analyzer used - Fujifilm luminescent image analyzer LAS-1000 plus system

Color Substrate detection
(Immun-Blot Goat Anti-Rabbit (GAR)-AP Detection Kit)

Prepare detection solution — 10 ml 1X AP color development buffer + 100ul color reagent
A which is BCIP (5-bromo-4-chloro-3-indolyl phosphate) + 100ul color reagent B which
is NBT (nitroblue tetrazolium).

Incubate the membrane in detection solution until color develops.
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Preparing genomic libraries for genomic walk

(Universal Genome Walker Kit - Clontech, MountainView, CA)
Check quality of Genomic DNA

1)

2)
3)

4)
5)
6)

Check the size of genomic DNA on a 0.6% agarose gel with EtBr. DNA should
run as large bands above 50kb.

Check the purity of genomic DNA by Dra I digestion.

Add 5 ul genomic DNA, 1.6 ul Dra I (10 units/ul), 2 ul 10X Dra I Restriction
buffer and 11.4 pl deionized H20 to a tube and mix gently. Spin briefly to collect
the volume at bottom of the tube.

Also set up a control digestion without enzyme.

Incubate at 37°C overnight.

Run 5 pl of each reaction on a 0.6% agarose gel with EtBr. Smear indicates that
DNA can be digested by restriction enzymes.

Digestion of Genomic DNA

1) For each library construction, set up a total of five reac—tions. Set up four blunt-
end digestions for each restriction enzyme provided (EcoRI, Dral, Pvull, Stul).
Use human genomic DNA from kit as a positive control.

2) Add 25 ul genomic DNA (0.1 pg/ul), 8 ul restriction enzyme (10 units/ul), 10 ul
enzyme buffer (10X), 57 pul deionized H20O to separate tubes for each reaction and
mix gently.

3) Incubate at 37°C for 2 hours.

4) Vortex the reaction mix at slow speed for 5-10 seconds and put them back to
37°C overnight (1618 hr).

5) Run 5 pl from each sample on a 0.6% agarose/EtBr gel to determine if digestion
is complete.

Purification of DNA

1) Gel and PCR purification kit from promega was used for DNA purification.

2) To each reaction tube, add an equal volume DNA binding solution from the kit.

3) Transfer the volume into the column provided in the kit.

4) Centrifuge at room temperature for 1 minute at 14000 g.

5) Discard the flow through collected in the collecting tube.

6) Add 700ul of column wash solution to the column and centrifuge for 1 minute at
14000 g.

7) Discard the flow through and add 200ul of wash solution.

8) Centrifuge for 5 minutes at 14000 g.

9) Discard the flow through and repeat the centrifugation step for additional minute

at 14000 g to remove residual ethanol.

10) Transfer the column on to a fresh 1.5ml tube and add nuclease-free water on top

of the column.

11) Incubate at room temperature for 5 minutes and centrifuge at 14000 g for 1

minute.

12) The volume collected in the tube is purified DNA.
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Ligation of Genomic DNA to GenomeWalker Adaptors

1)

2)
3)

4)
5)
6)
7

Set up five ligation reactions for genomic DNA with 4 restriction enzymes and 1
human genomic DNA control.

Transfer 4 ul of digested product from each tube to a fresh 0.5-ml tube.

Add 1.9 pl GenomeWalker Adaptor (25 uM), 1.6 ul 10X Ligation Buffer, 0.5 pul
T4 DNA Ligase (6 units/ul) to each tube.

Incubate at 16°C overnight.

Stop the reaction by incubating at 70°C for 5 min.

Add 72 pl of TE (10/1, pH 7.5). Vortex at slow speed for 10-15 sec.

Store the genomic libraries at -20°C.
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